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PREAMBULE

L’analyse morphométrique de I'articulation épaule est indispensable a la compréhension de
la pathogénese arthrosique au niveau de l'articulation glénohumérale. Depuis les années
1990, de nombreux travaux ont été menés pour définir I'aspect normale et pathologique de
I’'extrémité supérieure de 'humérus(1-4) et de la gléne(5-7). Ces analyses ont été faites en
majorité en 2 dimensions. Avec I'amélioration des techniques de traitement d’image en
particulier tomodensitométrique, I’'analyse tridimensionnelle est devenue plus accessible et
plus rapide en orthopédie. Elle est particulierement indispensable pour la compréhension de
I'articulation glénohumeérale puisqu’il s’agit d’une articulation de type sphéroide, la plus
instable de l'organisme, avec 3 degrés de liberté permettant un mouvement de
circumduction. Le corollaire de cette analyse tridimensionnelle est la recherche de
I'amélioration du diagnostic, donc de la classification des glenes, de la précision des
indications chirurgicales a I'aide de nouveaux outils de mesure mais aussi du choix des
implants et de leur positionnement. Elle permet la planification préopératoire de la pose des

implants voire I'anticipation des résultats théoriques.

L'objectif de cette Thése centrée sur l'approche tridimensionnelle de ['articulation
glénohumeérale dans I'omarthrose était de valider I'application d’un logiciel de segmentation
automatisée tridimensionnel (Glenosys, Imascap — Plouzané) dans toutes les étapes
nécessaires a la prise en charge d’un patient, étapes que nous limiterons au diagnostic, a la

décision thérapeutique et au geste technique chirurgical.

Pour ce faire, nous avons choisi plusieurs axes d’approche :

- valider les plans de référence choisis dans le logiciel au travers des mesures générées de
version et inclinaison par rapport aux axes de référence 2D habituels.

- améliorer une classification utilisée dans I'arthrose primaire a partir de scanners reformatés
dans les plans de références choisis.

- constituer une base de données (bibliotheque scientifique) importante pour mener pour la
premiére fois une analyse de type big data sur un nombre important de scanners d’épaule.

- décrire la morphométrie de la gléne, de I'humérus et de I'articulation glénohumérale

normale et pathologique a partir de la base de données.



- développer et valider une mesure d’aide au diagnostic préopératoire.

- démontrer I'apport de la simulation préopératoire sur logiciel dans la compréhension des
limitations de mobilités dues au positionnement et au design des implants.

- déterminer 'efficacité et les limites de |'utilisation des guides issus de la planification

préopératoire.

Le format de cette Thése est celui d’'une introduction générale exposant le contexte du projet
suivie par la présentation des publications déja indexées ou soumises issues de ces travaux.
Enfin nous conclurons en évoquant les principaux axes de recherches qui découleront de ce

travail de recherche.



CONTEXTE

I/ Version glénoidienne et problématique du plan scapulaire

a) Définition de la version glénoidienne

La version glénoidienne a d’abord été étudiée comme un des facteurs potentiels de survenue
de l'instabilité gléno-humérale(8,9). Le terme de « version » apparait pour la premiére fois en
1986 dans I'article de Brewer et al ou il remplace le terme de « tilt » glénoidien(10). Elle est
alors mesurée sur des radiographies (roentgonogrammes) axillaires. La méme année, Randelli
et Gambrioli, toujours sur des épaules instables, publient la premiére analyse
tomodensitométrique et définissent le «tilt antéropostérieur » comme I'angle
complémentaire a celui formé par I'intersection entre I’axe du corps de la scapula et la surface
glénoidienne(11). Ils précisent méme que le tilt antéropostérieur varient en fonction du
niveau de coupe. Du fait d’une importante multiplication des repéres géométriques utilisés
pour la mesurer, une définition plus générique de la version pourrait étre aujourd’hui donnée
:une mesure angulaire en 2 dimensions de |'orientation de la gléne projetée dans le plan axial.
Le plus souvent, cette mesure est exprimée par une valeur positive de rétroversion puisque la

gléne est le plus souvent rétroversée que ce soit dans la population normale ou pathologique.

b) Mesures extramédullaires de la version

Le scanner a rapidement démontré sa supériorité dans les mesures morphométriques de la
gléne. En effet, les clichés axillaires (type Bernageau) ne sont pas fiables ni reproductibles. En
prenant la ligne scléreuse comme référence sur ces clichés, Nyffeler et al(12) rapporte une
surestimation des mesures de version dans plus de 85% des cas (Figure 1). En particulier, la

variation de la version peut aller jusqu’a +15°.
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Figure 1: Ll'incidence des radiographies axillaires standardisées présente une variation de +15° (courtoisie RW
Nyffeler).

Six ans aprés Randelli et Gambrioli, Friedman et al(13) en 1992 reprend le méme axe
scapulaire pour mesurer la version et I'applique a une population d’épaules arthrosiques
comparée a une population normale. Pour pallier la variation de version en fonction du niveau
de coupe, il choisit arbitrairement la premiére coupe sous la coracoide. Puis il trace la ligne de
référence passant par le point le plus médial de la scapula et le centre de la glene (I'axe
scapulaire). La version mesurée moyenne des glenes arthrosiques était de -11+8° (de -32° a
2°) contre +2+5° (de -12 a 14°) pour des glenes normales. Cette technique de mesure en 2
dimensions non corrigée a, par la suite, démontré ses limites puisque I'australien Bokor et
al(14) en 1999, constate que des rotations mineures de la scapula peuvent altérer la mesure
de la version de plus de 10°. Bryce et al(15) confirme ces constatations et démontrent que la
version est déja altérée a partir de 1° de rotation de la scapula dans le plan coronal et sagittal.
Afin de limiter les erreurs de référentiel, Kwon et al(16) développe en 2005 un plan basé sur
3 points : le centre de la gléne, le point le plus médial de la scapula et le point le plus inférieur
de la scapula. Ce plan est appelé « plan anatomique de la scapula ». Cette technique permet
d’effectuer des mesures en « 2D corrigé » dans un plan établi en limitant les effets du « gantry

angle » d{ a la position du patient dans le scanner (figure 2).



THORAX

Plan de la table scanner

Figure 2 : Schéma représentant le gantry angle (y).

Plusieurs auteurs ont ainsi utilisé ce plan afin d’effectuer des mesures morphométriques de la

gléne et en particulier de la version®'2%3(16-22)(Figure 3).

L'utilisation du plan anatomique de la scapula présente cependant des limites importantes :

Elle prend du temps et limite son utilisation dans I'activité chirurgicale quotidienne
Elle nécessite I'acquisition de la scapula entiére puisque ce plan ne peut pas étre
construit en I'absence des points médial et/ou inférieur.

Elle se base sur 3 points de la scapula et donc résume la morphologie trés complexe
de la scapula a 3 points.

Elle comprend le centre de la glene qui appartient donc a I'objet que I'on souhaite
étudier et qui présente une variation dépendant de 'usure de celle-ci.

Le centre de la glene est difficile a repérer dans les épaules pathologiques car I'arthrose
glénohumeérale provoque une fusion virtuelle qui rend difficile I'identification de la
surface de la gléne.

Le positionnement des points a la main entraine une variabilité inter et
intraobservateur qui nuit a la reproductibilité et a la fiabilité des mesures comme nous
I’'avons démontré dans une étude récente (non encore publiée encore, Figure 4) sur le

picking.



Figure 3 : Plan anatomique de la scapula décrit par Kwon. Il est généré a partir du repérage de 3 points : le centre
de la gléne, le point le plus médial de la scapula et le point le plus inférieur de la scapula (courtesy.

6,9mm

2,8mm

Figure 4 : Exemple de modele tridimensionnel ayant servi de support au picking des 3 points utilisés pour générer
le plan de Kwon par 4 observateurs différents. Le repérage du trigonum est trés variable a la fois mal défini
anatomiquement et correspondant a une zone large et de surface variable entre les individus



Afin d’éviter ces contraintes, le logiciel Glenosys® (Imascap, Brest, France) propose d’utiliser
un algorithme type « Genetic Algorithm » de reconnaissance automatique de modele «
pattern recognition » qui ne nécessite pas d’intervention ou de picking manuels(23). Le logiciel
effectue une segmentation® automatique de la scapula et reste trés précis dans la
segmentation glénoidienne malgré la fusion virtuelle glénohumérale (Figure 5). Il élabore
ensuite un plan moyen basé sur I'ensemble des points de la scapula en retirant la gléne,
I’'acromion et la coracoide : le « Plan du Corps de la Scapula ». Par ailleurs, le logiciel permet
d’élaborer un plan moyen de la gléne et de déterminer la sphére la plus représentative de la
surface concave de la glene ou « Best Fit Sphere » (BFS)(24). Il s’agit donc d’un outils
automatique qui évite toute variation inter- et intraobservateurs et permet de déterminer un
plan moyen de référence scapulaire. C’'est cet algorithme qui sera utilisé et développé tout au

long de cette thése.

-_— -

Rétroversion glénoidienne: 27° Inclinaison glénoidienne sup: §° Subluxation humérale postérieure: 86 %

Figure 5 : Segmentation automatique de I'épaule générée par le logiciel Glenosysa partir d’'images
tomodensitométriques. L’écran affiche les coupes 2D reformattée dans le plan axial et le plan frontal ainsi que
la reconstitution 3D.

c) Mesures intramédullaires de la version

Les mesures intramédullaires de la version présentent plusieurs intéréts :
- Elles ne nécessitent pas I'acquisition de toute la scapula
- Elles présentent une application directe en permettant de guider le positionnement
de la quille ou du plot central d’un implant glénoidien et d’assurer ainsi sa meilleure

tenue.
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- Elle apporte une information morphologique complémentaire au plan de la scapula
qui est trés importante dans la mesure ou la glene évolue de fagon indépendante du
corps de 'omoplate.

- Enfin certains auteurs promouvant ce référentiel mettent en avant qu’un repere pris
dans la vo(te glénoidienne serait moins sensible au gantry angle en raison d’un grand
axe de la voute plus court que la longueur de I'omoplate, I'acquisition de toute la

scapula ne serait donc pas non plus nécessaire.

Poon modélise la voute glénoidienne par un triangle isocele a sommet médial formé par les
surfaces endostées de la voute(25) (Figure 6). Le controle du gantry angle est effectué par un
scout préalable ou la surface glénoidienne est positionnée perpendiculairement a I'axe des
coupes natives. Pour mesurer la version, il utilise la bissectrice principale de ce triangle comme
référentiel et la ligne antéropostérieure de la gléne. Il mesure par cette technique une
retroversion moyenne de 19+3° dans la population normale. Bien que cette technique
présente cependant une approximation dans le contréle du gantry angle, I'utilisation de la
partie triangulaire médiale endostée n’est pas soumise aux déformations induites par I'usure
lors de I’évolution arthrosique contrairement a la surface glénoidienne. Elle permet donc

d’établir un référentiel stable au cours du temps.

Figure 6 : Technique de mesure de la version a partir de I’axe de la voute glénoidienne tel que décrit par Poon et
al (courtoisie PC Poon).

11



De la méme fagon, et pour permettre une application aisée des mesures scannographiques
lors de I'intervention, Andrin et al décrivent le « triangle scapulaire » en utilisant 2 points : le
point le plus médial de la voute glénoidienne et le centre de la gléne mais sans contréle du
gantry angle(26). C'est I'apport de Bouacida et al qui utilisent cette mesure dans le plan
anatomique de la scapula tel que décrit par Kwon. Le modéle décrit est celui-de la

« carene glénoidienne ». La rétroversion normale ainsi mesurée est de 12+4°(27).

L'apport de la description de la voute glénoidienne est particulierement défendu par lannotti
et al qui remarguent que dans la mesure ou la gléne présente une rétroversion naturelle, un
positionnement strictement neutre de I'implant conduirait a implanter celui-ci de facon non-
anatomique avec un risque de franchissement du mur postérieur. Il développe ainsi le premier
modele tridimensionnel de la « voute glénoidienne » (glenoid vault). Il démontre que la voute
glénoidienne a une morphologie complexe uniforme définie par les surfaces endostées de la

gléne et qui peut étre déclinée en 5 tailles différentes s’adaptant a la grande majorité de la

population moyenne?*-2¢(16,20) (Figure 7).

Figure 7 : Modele de la voute glénoidienne développé par lannotti et al. Cinqg tailles différentes de voutes
glénoidiennes s’adapte a la majorité de la population moyenne. Ce modele peut étre généré informatiquement
(figure de gauche) puis imprimé en 3D (figure en haut & droite) pour étre validé sur des glénes cadavériques
évidées (figure en bas a droite) (courtoisie MJ Codsi).
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De cette fagon, il est possible de retrouver la version de la glene native en superposant le
modele le plus adapté a la voute de la glene dégénérative et en lui autorisant 6 degrés de
liberté pour correspondre le mieux a la voute glénoidienne décrite. Cette technique permet a
la fois une description tridimensionnelle de la voute glénoidienne mais aussi de retrouver la

version native d’une glene dégénérative a 2.1° pres(21).

d) Autres méthodes de mesures de version glénoidienne

D’autres reperes ont été proposés pour mesures la version glénoidienne en s’attachant a
rendre celle-ci accessible en peropératoire. En particulier, |'utilisation de la paroi glénoidienne
antérieure a été proposée par Resch (Figure 8) et utilisée par de Wilde et al puis Ganapathi et
al(19,28). La valeur moyenne de cette version est de 19+8°. Cette mesure a été reprise
récemment par Moraiti et al(29) et baptisée Glenoid Orientation index (GO index) en
spécifiant que cette mesure devait se faire au niveau du plus grand diameétre de la gléne. La
version moyenne normale obtenue est alors de 26+6° avec une forte corrélation aux mesures
obtenues par la méthode de Friedman méme . Cependant, I'absence de reformatage des

scanners dans un plan fixé soumet encore une fois la mesure aux aléas du gantry angle.

Figure 8 : Présentation de la mesure de I'angle de Resch pour calculer la version glénoidienne (courtoisie C
Moraiti).
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II/ Modélisation tridimensionnelle de la surface glénoidienne

La glene présente une forme hélicoidale avec une diminution de la rétroversion dans le sens
cranio-caudal. Cette variation est estimée entre 5° et 10° dans la littérature?®31(30-32). La
représentation de la surface glénoidienne est ainsi rendue difficile et les modeles

géomeétriques utilisés sont soit des plans soit des sphéres.

a) Modeles sphériques

Lewis et Armstrong utilisent le plan anatomique de la scapula comme référentiel 3D pour la
mesure de la version donnée par la Best Fit Sphere (BFS). La version — ainsi que l'inclinaison —
sont données par la projection du vecteur centre glene — centre BFS sur le « plan transverse »
de la scapula (perpendiculaire au plan anatomique de la scapula passant la droite centre gléne
- trigonum) (Figure 3 & 9). La version moyenne retrouvée a partir de la sphere est de -3+3°. Le

rayon de la BFS est en moyenne de 33+4mm(17,33).

z-coord

Figure 9 : Modele de la Best Fit Sphere dont les projetés du vecteur centre gléne — centre BFS permettent de
donner la version et I'inclinaison de la gléne((courtoisie GS Lewis).

Un an apres, Moineau et al démontre la faisabilité de ce méme modele sphérique mais sur
des glenes arthrosiques et un plan de la scapula généré automatiquement par Glenosys®. Il
calcule une concordance interobservateur de la version supérieure a 0,95 (« quasi parfaite »).
Ghafurian et al en utilisant I'axe du fulcrum comme repére(34,35) développent aussi un

systéme entierement automatisé de modélisation sphérique de la gléne(36).
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b) Modéles planaires

L'utilisation des plans est plus fréquente dans la littérature, en particulier, s’il est possible de
déterminer un plan moyen de la gléne, plusieurs plans peuvent étre identifiés sur la gléene en
fonction du quadrant auquel on s’intéresse. Ganapathi et al utilisent le « plan de la fosse
glénoidienne » construit a partir de 3 points: 1 au pole supérieur et 2 au tiers inférieurs, 1
antérieur et 1 postérieur. Il confirme ainsi la fiabilité et le reproductibilité du modéle de la
« volte glénoidienne » précédemment décrit en particulier pour son applicabilité dans les
glénes déformées(19). Plus tard, De Wilde et al compare 5 plans(37) : supérieur, inférieur,
postérieur, antérieur et neutre dans le plan anatomique de la scapula. Il retrouve une moindre
variabilité de la version pour le plan inférieur. Cela s’explique par une meilleure
représentation de la partie la plus circulaire — et la plus inférieure — de la gléne par ce plan.
Par ailleurs cette analyse permet de constater une rétroversion plus importante de la partie
postérieure de la glene chez les femmes que chez les hommes pouvant expliquer une

incidence féminine de I'arthrose plus importante.

11/ Inclinaison glénoidienne et problématique de I’axe transverse

a) Mesures bidimensionnelles

Dés 1959, la problématique de la « pente glénoidienne » a aussi été abordée par Basmajian et
al dans la pathologie de l'instabilité. Il décrit I'existence d’'une pente supérieure qui lutte
contre la luxation inférieure de I’humérus et permet la sollicitation de la capsule supérieure

et le sus-épineux en position neutre et en adduction (Figure 10).
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Figure 10: Schéma de la modélisation de la « pente glénoidienne » décrite par Basmajian (courtoisie JV
Basmajian).

Gouaze en 1962, puis d’autres auteurs bien plus tardivement, décrivent une inclinaison
inférieure dans certains cas d’instabilité (38—40) et proposent des ostéotomies glénoidiennes
inférieures dans le traitement des instabilités inférieures. Cependant, tres peu d’études
s’intéressent a la mesure radiographique ou tomodensitométrique jusqu’au début des années
2000 contrairement a la version. Outre la difficulté a établir une référentiel reproductible et
fiable en particulier avec la difficulté a controler le tilt de la scapula, une autre raison
technique peut expliquer I'intérét plus tardif pour linclinaison. En effet, afin de neutraliser
I'influence du tilt scapulaire sur la version et de standardiser cette mesure, certains auteurs,
comme Bokor en 1999, propose de positionner et de fixer arbitrairement I'inclinaison
glénoidienne a 90° (« plan neutre idéal ») du plan des coupes axiales natives(14). Ce prédicat
suppose donc gu’il n’existe pas de variation dans l'inclinaison glénoidienne. Il est remis en
question plus tard par Churchill et al qui accusent cet artifice de donner la fausse impression
gue toutes les inclinaisons sont identiques contrairement a ['utilisation d’un axe fixe
scapulaire. Il propose a cet effet Iutilisation de « I’axe transverse » qu’il définit comme la ligne
reliant le centre de la fosse glénoidienne et le point formé par la jonction entre I'épine et le

bord médial de la scapula(41) (Figure 11). Il retrouve une inclinaison glénoidienne variable et

estimée a 443° (de -7 a 16°) sur 172 scapula séches.
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Figure 11: Comparaison entre 2 positions différentes de scapula. Dans I'image de gauche, les tenons
représentent I'axe transverse de la scapula. Dans I'image de droite, la gléne est artificiellement positionnée a 90°
comme le suggere Bokor et al. Dans ce dernier cas, le tenon du corps n’est plus positionné le long de I'épine de
la scapula et correspond a un point non identifié anatomiquement et présentant des variations interindividuelles
(courtoisie RS Churchill).

L'intérét pour I'évaluation de l'inclinaison radiographique renait avec la suspicion de son
association a la pathologie de la coiffe des rotateurs. Hugues et al propose d’utiliser la ligne
scléreuse du fond de la fosse du sus-épineux et la ligne craniocaudale glénoidienne.

Il retrouve une différence significative de 8° entre l'inclinaison glénoidiennes des épaules
normales (1+5°) et les épaules souffrant de pathologie de la coiffe (9+6°). Reprenant les
travaux d’Edelson en 1995 qui décrivait 20 a 30% d’hypoplasie glénoidienne
postéroinférieure, Habermeyer et al ne retrouve pas l'association déja évoquée avec la
pathologie de la coiffe mais pointe le réle clef de la variation de I'inclinaison dans I'arthrose
glénohumérale (il retrouve 4 types d’inclinaison) et surtout la difficulté a établir la mesure de
celle-ci en utilisant le bord inférieur du film de la radiographie, ligne supposé parallele au sol.
Alors que de nombreux articles démontre l'importance de [linclinaison de l'implant
glénoidien(42-47), il faut attendre 2012 pour que soit publiée une étude s’attachant
véritablement a étudier la fiabilité des repéres radiographiques utilisables pour mesurer
I'inclinaison. Maurer et al cherchent a développer une méthode de mesure de l'inclinaison

robuste, fiable et reproductible. Il compare 3 référentiels : I'épine, le fond de la fosse du sus-
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épineux et le pilier de la scapula et démontre la supériorité de I'utilisation du fond de la fosse
du sus-épineux (f-angle), ligne scléreuse clairement identifiable sur les radiographies et les

scanners, pour la mesure de l'inclinaison(48) (Figure 12).

Figure 12 : Définition des différents angles de mesure de I'inclinaison glénoidienne sur une radiographie a partir
de 3 lignes anatomiques identifiables anatomiquement : a) I'épine de la scapula, b) le fond de la fosse du sus
épineux c) le pilier de la scapula. Le S-angle est la méthode radiographique de mesure d’inclinaison glénoidienne
la plus reproductible eu égard aux variations positionnelles du patient lors de I'acquisition (courtoisie A Maurer).

b) Mesures tridimensionnelles

L’analyse tridimensionnelle reprend par la suite le concept du f-angle. En particulier,
I'inclinaison rend particulierement critique la détermination d’un axe ou plan transverse
perpendiculaire au plan choisi de la scapula.
Des approximations plus ou moins simplifiées de la ligne du fond de la fosse sont donc
proposées de par sa morphologie trés complexe, on peut en retenir trois principales :

- Ligne centre gléne — trigonum (méthode de lannotti)(16)

- Fond de la fosse du sus-épineux (méthode Mimics®, Materialise)(49)

- Axe duY (méthode de Glenosys®, Imascap)(50)

Meéthode centre gléne — trigonum

Il s’agit de la méthode la plus souvent utilisée. Elle simplifie le fond de la fosse du sus-épineux

a une ligne passant par le centre de la gléne et le trigonum (Figure 13).
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Des griefs sont cependant imputables a cette méthode : 1) le centre de la gléne peut étre
altéré par l'usure de la glene ou la perte de substance osseuse et modifier ce référentiel, 2) le
trigonum possede une morphologie tres variable qui limite son utilisation comme nous le
verrons, 3) il s’agit d’'une modélisation simpliste du fond de la fosse du sus-épineux. Ces

différentes limites seront étudiées par la suite.

~

~-

> d

33 - \
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Figure 13 : Méthode centre glene trigonum. L’axe transverse est établi a partir de 2 points : le centre de la glene
et le trigonum qui sont repérés manuellement.

Meéthode du fond de la fosse du sus-épineux

Elle établit le repéere suivant (Figure 14) :

- plan de la scapula (paralléle a 17) déterminé par le picking manuel du bord axillaire (pilier) de
la scapula.

~axe Z : paralléle a la ligne du fond de la fosse du sus épineux repéré par un picking manuel.
~axe X : orthogonal a Y et au plan de la scapula.

—axeY: orthogonal a ZetX.

R
- origine = I’échancrure spinoglénoidienne projeté sur I'axe Z.

19



Cette méthode a I'avantage d’exclure la glene (variable étudiée) du référentiel choisi et de ne
pas nécessiter la totalité de la scapula. La gléne est par ailleurs représentée par une sphere
dans ce modeéle pour mesurer non plus seulement la version ou I'inclinaison mais I'orientation
et la «direction de la version maximale » dans un plan transverse variable selon la
morphologie de la gléne. C'est donc une véritable analyse spatiale qui est proposée. Cette
méthode dans la méme analyse donne une variation de 6° avec le plan anatomique de la
scapula surtout autour de I'axe 7 et laxe Z est proche de la ligne centre gléne-trigonum.
L’inclinaison moyenne retrouvée était de 7°. Cependant, il nécessite un travail de picking

chronophage qui n’est pas automatisé.

Figure 14 : Méthode du fond de la fosse du sus épineux tel que décrite par Terrier et al(49) (courtoisie A Terrier).

Méthode de I'axe du Y

La méthode de I'axe du Y utilisée par Glenosys® permet le repérage automatique des points
constituant l'intersection entre le corps de 'omoplate et I'épine (Figure 15). L'ensemble de
ces points constituent une courbe concave vers le bas dont la droite moyenne est I'axe

transverse. La validité de cet axe sera étudiée ultérieurement.
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Figure 15: Méthode de I'axe du Y utilisé dans le logiciel Glenosys. L'ensemble des points constituant
I'intersection entre le corps de la scapula et I'épine de permettent de générer une ligne moyenne considéré

comme |'axe transverse a I'origine de la mesure de I'inclinaison dans le logiciel.
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IV/ Subluxation humérale

a) Mesures bidimensionnelles

Parallelement a I’évolution des référentiels de mesures glénoidiens, I'analyse de la
subluxation a aussi évolué. Elle a débuté aprés les constatations par Neer puis Edelson
d’érosions glénoidiennes excentrées a la partie postérieure et inférieure de la glene associées

a une subluxation postérieure de la téte humérale(52,56,57) (Figure 16).

Figure 16 : D’apres I'article d’Edelson en 1995 : gléne « type Il » correspondant aujourd’hui a une gléne B2. On
remarque la forte usure postérieure et inférieure (courtoisie JG Edelson).

Walch le premier a proposé une quantification de cette subluxation(58) (Figure 17) qui
explique selon lui cette érosion postérieure constatée. Cette méthode de mesure
scannographique, dérivée de la méthode radiographique de Papilion(59), a été largement
utilisée par la suite(60-64). Il qualifie cette subluxation postérieure de chronique,
d’aggravation progressive. Elle doit étre rigoureusement différenciée d’une instabilité
postérieure qui est elle dynamique avec des manifestations aigues et une perte de fonction
transitoire ou définitive(65,65). Les origines de cette subluxation restent encore peu connues
mais certains auteurs suggerent qu’elle serait acquise et résulterait d’'un décentrage
fonctionnel apparaissant lors de I’élévation du bras(66). Walch en 1995 crée une nouvelle
classification, qui fait encore autorité aujourd’hui et sur laquelle reposera ce travail, dans

laguelle les glénes B sont associées a une subluxation de la téte humérale. Par la suite, la
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mesure de la subluxation a suscité un intérét de plus en plus important avec la découverte de
sa forte association aux échecs précoces des implants glénoidiens(63,67—70) mais aussi au fait
qgue la correction de la version de I'implant glénoidien peut potentiellement corriger cette
subluxation au moins a court terme(71). La encore, la difficulté sera de choisir la référence de
mesure la plus judicieuse et de déterminer les bornes de normalité de la subluxation

humérale.

INDEX = d
e

Figure 17 : D’apreés I'article de Walch et al : index de subluxation de la téte humérale. Il est mesuré par rapport a
la médiatrice du segment représentant la surface glénoidienne (courtoisie G Walch).

La ligne du corps de la scapula pour mesurer la subluxation est apparue comme une
alternative plus fiable et plus reproductible (ICC=0,75) que la médiatrice a la surface
glénoidienne initialement proposée (ICC=0,60)(72) (Figure 18). En utilisant cette méthode,
Sabesan et al retrouve une tres forte corrélation de la subluxation a la rétroversion
glénoidienne dans les omarthroses primaires (r?=0,814)(73). La limite de subluxation était
arbitrairement fixée a 55% par Walch(74) mais Gerber lui préféra 65% pour éviter les cas

discutables a I'inclusion des patients(60).

Figure 18 : Deux méthodes de mesures 2D sur scanner de la subluxation (A/D) postérieure de la téte humérale
(A) par rapport a la médiatrice du segment représentant la surface glénoidienne, (B) par rapport a la ligne
moyenne du corps de la scapula (courtoisie JF Kidder).
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b) Mesures tridimensionnelles

Terrier et al en 2015 transposent les mesures de la subluxation humérale a I'analyse
tridimensionnelle(75). Il choisit I'axe du corps de la scapula (selon la méthode du fond de la
fosse du sus-épineux) en partant du principe que la téte humérale reste dans certains cas
parfaitement centrée sur la surface glénoidienne tout en n’étant pas alignée avec la scapula
et les lignes d’action des muscles intrinséques de I’épaule. Sur des épaules arthrosiques, il
retrouve une bonne corrélation entre la version et la subluxation (r?=0,70) qui sont des
mesures projetées sur le plan axiale. Cette corrélation est encore plus forte quand il utilise le
plan — oblique — suivant la plus forte subluxation humérale (r>=0,864) (Figure 19). En effet,
plus la composante supéro-inférieure est importante plus la subluxation projetée est sous-
évaluée. Ces fortes corrélations s’expliquent aussi en partie par le caractére engainant et
remodelant de I'arthrose, absent dans I’épaule normale, et qui renforce ce centrage huméral

sur la gléne dans cette étude.
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Figure 19 : Corrélation version glénoidienne/subluxation humérale projetée (figure de gauche) et orientation
glénoidienne/subluxation humérale 3D (figure de droite). Les mesures 3D renforcent la corrélation (courtoisie A
Terrier)

La subluxation de la téte humérale doit donc étre préférentiellement mesurée par rapport a
la scapula et non par rapport a la gléne. Cette découverte ménera a la description de la gléne
B3 en 2016 par Walch(76) (Figure 20). En effet, la premiere classification de 1995 ne
permettait pas de différencier une usure glénoidienne avec a une téte humérale centrée d’une

usure glénoidienne résultant d’'un remodelage secondaire a une subluxation postérieure de la
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téte humérale. Dans le premier cas (gléne A2), la téte use la gléne dans I'axe de la scapula,
dans le second cas, la téte humérale est initialement subluxée en arriére de I’axe de la scapula
(gléne B1) et use la glene d’abord sur sa partie postérieure (gléne biconcave B2 composée
d’une néogléene usée et d’une paléogléne native) puis la remodeéle entierement pour former

une surface concave avec une forte rétroversion (glene B3).

Figure 20 : Classification de Walch modifiée, les glenes A présentent une usure centrée, les B une usure
postérieure suivant la subluxation de la téte humérale, les C sont dysplasiques, les D (rares) présentent une
subluxation antérieure (courtoisie G Walch).

La subluxation postérieure de I’'humérus tient donc une place importante dans I'évolution de
I'arthrose primaire glénohumérale sans que I'on connaisse réellement sa place exacte dans
I'initiation du phénoméne arthrosique. Si comme le prétendent certains auteurs, la version
native n’est pas différente entre les arthroses concentriques et subluxantes(77), la
subluxation postérieure pourrait alors en étre le primum movens et a ce jour, les artifices

techniques ont tous échoué a recentrer la téte humérale sur la gléne de fagon pérenne.
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V/ Supériorité du 3D sur le 2D

Méme si l'utilisation d’'un modeéle tridimensionnel parait la solution la plus fiable pour
représenter |'épaule, sa supériorité dans la pratique quotidienne par rapport au modéle 2D-
corrigé n’est, pour l'instant, pas admise par tous. En particulier, |a ou les modéles 2D corrigés
ont fait leur preuve et sont passés dans la pratique quotidienne avec une implication dans le
diagnostic et les décisions thérapeutiques, le 3D introduit un tout nouveau point de vue et
nécessite de remettre en question les repéres habituels.

Le premier modéle tridimensionnel de la scapula a été proposé par Welsch et al en 2003(51).
Il'y anticipait déja I'importance d’une analyse 3D préopératoire systématique pour améliorer
le diagnostic et la décision thérapeutique et conclut : “If software programs for 3D
visualization become more common, why not combine a good diagnosis with a better
therapy?”.

En effet, les modifications morphologiques de I'épaule ne surviennent pas que dans les plans
orthogonaux aux référentiels établis. Hoenecke et al démontre le manque de fiabilité du 2D
dans I'étude préopératoire de lI'arthrose. D’'une part, la position de la scapula doit étre
normalisée par rapport au « gantry angle » (en moyenne de 35°), d’autre part, I'usure
maximale glénoidienne dans les arthroses primaires est postéroinférieure — comme [’avait
déja constaté sur os secs Edelson des 1995(52) — et donc sous-estimée si on ne I'analyse que
dans le plan axiale méme aprées reformatage(53), cela sera confirmé par la suite(54). De méme
l'usure est postérosupérieure dans les arthropathies post-rupture de coiffe, il serait donc
impropre de parler de gléene B2 sur une coupe haute de la gléne de ces cas.

Les différences de mesure observées entre le 2D-corrigé et le 3D peuvent cependant étre trés
importantes : Chalmers et al retrouve par exemple une différence de 11% dans ses mesures
de subluxation en comparant la méthode 2D-corrigée dans le plan de Kwon (qu’il considere
comme le « gold standard ») et la méthode 3D Glenosys®(55). Ghafurian et al estime
cependant que l'utilisation d’'un modele tridimensionnel de gléene, comme la sphére, diminue
de 10 a 30% la déviation standard des mesures de version glénoidienne par rapport au 2D qui
sont plus imprécis(36). Les modeles 3D sont donc plus stables cependant, leur choix doit étre
judicieux et une sphere semble mieux adaptée qu’un plan pour représenter la surface

glénoidienne(17).
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La supériorité de I'analyse tridimensionnelle ne se présente donc pas comme une évidence
puisque I'ensemble de nos connaissances sur la morphométrie glénohumeérale reposaient
jusqu’a il y a peu sur des acquis bidimensionnels. Ce modeéles bidimensionnels étaient
répandus et bien connus. Cependant, I'utilisation de la 3¢™¢ dimension fait surgir des limites
et des dysfonctionnements dans le systeme 2D qui bouleversent nos connaissances. Ces
constatations et la multitude de référentiels coexistant mettent en avant plusieurs
problématiques :

1) la validation systématique et rigoureuse des logiciels semi-automatiques ou

automatiques de mesure et de planification,

2) la nécessité de remettre en question les acquis du 2D dont les limites sont

démontrées méme aprées reformatage,

3) I'importance de préciser le référentiel de mesure et le modéle de représentation

choisis dans chaque étude et publication.
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CONSTITUTION D’UNE BASE DE DONNEES DE SCANNERS D’EPAULES
(BIBLIOTHEQUE SCIENTIFIQUE)

I/ RATIONNEL

L'étude de la morphométrie de I'épaule nécessitait la constitution d’'une base de données
représentant 'ensemble des types d’épaule rencontrée dans la population générale. Nous
avons donc rassemblé a partir de plusieurs centres, les scanners d’épaule de patients
arthrosiques.

Etaient exclus, les arthroscanners, les scanners avec les 2 épaules dans le méme champ

d’acquisition, les bodyscanners.

Plusieurs contraintes se présentent dans I'élaboration de ce type de base de données :
- Obtenir un nombre suffisant de scanners d’épaule
- Rassembler des types d’épaule rares (glénes C, glénes D)
- S'assurer que le protocole scanner soit adapté au logiciel

- Obtenir le consentement du patient

Protocole scanner adapté :

Le protocole scanner devait respecter celui imposé par le logiciel (cf Annexe 1).

Consentement du patient :

Le patient devait signer un consentement éclairé avant d’effectuer un scanner (cf Annexe 2).

Il/ EPAULES PATHOLOGIQUES

a) Constitution de la bibliotheque scientifique

Tous les scanners d’épaules arthrosiques étaient majoritairement recueillis auprés de
plusieurs centres et analysés un par un afin de répondre aux contraintes précédemment

exposées.
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Nous avons exclu dans les suites les scanners d’épaules :
- dont la segmentation n’était pas jugée correcte malgré un protocole scanner respecté

(Figure 21)

- dont les plans et les mesures générées étaient évidemment aberrantes

Figure 21: exemple d’anomalies de segmentation générées par le logiciel (Glenosys v10.4.2). Les erreurs
correspondaient a des fusions glénohumérale a I'origine d’un résidu huméral sur la gléne (A, B) ou au contraire
d’une amputation de la gléne (C, D). Des corps étrangers pouvaient étre a I'origine d’'une mauvaise segmentation
du défilé coracoglénoidien (E). Enfin, la clavicule, 'acromion ou la coracoide pouvaient étre fusionnée a la téte
humérale si I'ascension humérale était compléte (F). Ces scanners ont été exclus de la base de données.

De 2015 a 2017, 1149 épaules pathologiques triées ont finalement été rassemblées dans une
bibliotheque scientifiques représentant de facon exhaustive I'ensemble des pathologies

arthrosiques de I'épaule se présentant en consultation.
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Des difficultés majeures ont dues étre maitrisées durant les processus suivants :

'implémentations de scanners a partir de plusieurs centres a rendu difficile la
centralisation des données.

L’archivage des données sur plusieurs supports ont rendu difficile la mise en commun
des données et I’harmonisation des systemes de consultation.

L’anonymisation a été un point particulierement difficile a traiter et a nécessité
plusieurs allers-retours entre les données-source et les données de sortie du logiciel.
Le classement subjectif des glenes nécessitaient un lancement itératif tres
chronophage pour chaque cas du logiciel Glenosys. De plus, les différentes versions et
améliorations du logiciel se sont succédant en paralléle il était nécessaire a chaque fois
d’effectuer un nouvel examen de toute la base de données. Une application de

visualisation rapide a été développée pour les derniéres versions.

b) Parameétres analysés, diagnostic et classification

Les principaux parametres analysés étaient :

Démographique : Morphométrique versant huméral
Age au scanner Rayon de courbure de la BFS (+ RMS
Sexe error)
Latéralité Inclinaison

Version (si possible a partir de I'axe

Morphométrique versant glénoidien biépicondylien huméral distal)

Surface de la gléne

Rayon de courbure de la BFS + Root Relations glénohumérales
Mean Square error (RMS) Orientation humérale
Version Direction humérale
Inclinaison Subluxation

RSA Angle (Reverse Shoulder Angle)
CSA (Critical Shoulder Angle)
Orientation

Direction
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Les épaules étaient classées en fonction du diagnostic en utilisant d’une part I'histoire clinique

issue des dossiers médicaux et d’autre part l'interprétation du scanner.

Plusieurs diagnostics étaient possibles :
Arthrose primaire (PGHOA)
Rupture massive de coiffe (MRCT)
Arthrose secondaire a une rupture de coiffe (CTA)
Arthrose post traumatique (PTA)
Arthrose post instabilité (PIA)
Arthrose sur ostéonécrose (AON)

Arthrose sur arthrite rhumatoide (RA)

Les épaules atteintes de PGHOA, MRCT et CTA étaient classées par 2 chirurgiens (GW & MOG)
suivant la classification de Walch-modifiée(58,76) et de Favard(78,79).



111/ EPAULES NORMALES

En paralléle un base de données de 122 épaules normales étaient constituées a partir de
scanners effectués sur des individus a épaules saines. Elle était en grande partie issus de
scanners effectuées chez des patients accueillis aux Service d’Accueil des Urgences entre 2017

et 2018.

Etaient inclus dans cette base de données les patients polytraumatisés sans urgence vitale,
des patients scannés pour un accident vasculaire cérébral ou un controle de traumatisme
cranien, des patients présentant une fracture ou une disjonction acromioclaviculaire

traumatique sur I’épaule controlatérale.
Cette base de données étaient utilisée d’'une part pour effectuer une analyse de I’'épaule 3D

normale, d’autre part pour comparer les données morphométriques des épaules

pathologiques a celles des épaules normales.
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Annexes

Annexe 1 : Feuille de consentement du patient

[Formulaire patient a faire signer préalablement a I'utilisation du logiciel BluePrint™ et a
conserver par le professionnel de santé]

Formulaire d’information et de consentement patient

Nom du patient :

Prénom du patient :

Je suis informé(e) de ce que, en vue de lintervention chirurgicale qui sera pratiquée par le
Dr (ci-aprés « le Docteur »), le , le Docteur utilise un logiciel
de planification de procédures orthopédiques sur lequel il saisit des données me concernant.

Les données saisies via ce logiciel sont hébergées aupres d’'un hébergeur agréé afin d’assurer le
niveau de confidentialité et de sécurité adapté a la nature des données me concernant traitées
via ce logiciel.

Ce logiciel permet également au Docteur de commander et faire fabriquer auprés de la société
Tornier, un outil d'implantation personnalisé qu'il utilisera lors de I'intervention chirurgicale.

Aux fins de commande, fabrication et livraison de cet outil personnalisé, le Docteur communique
a la société Tornier :

un code clé unique généré par le logiciel ;
un certain nombre de données me concernant.

Pour générer le code clé unique, le Docteur collecte mon prénom, nom de famille, date de
naissance. Seul le Docteur sera en mesure de relier ces informations permettant mon
identification aux autres données de santé collectées. Le code clé unique généré est anonyme.

Les autres données collectées me concernant sont mon sexe, diagnostic, type de gléne, la date
et lieu de I'opération envisagée, des copies d’écrans CT scans, mesures et anatomie.

Aucune donnée permettant mon identification directe telle que mon identité ou mon numéro de
sécurité sociale n’est communiquée a la société Tornier.

La société Tornier, qui est enregistrée au Registre du commerce de Grenoble sous le numéro
070501275 et est située 161 rue Lavoisier, 38330 Montbonnot-Saint-Martin, FRANCE traitera ces
données aux fins de fabrication et livraison de I'outil personnalisé qui lui est commandé par le
Docteur, conformément a mon consentement exprimé ci-dessous.

Ces données étant strictement nécessaires aux fins identifiées ci-dessus, Tornier ne sera pas en
mesure de fabriquer et livrer I'outil personnalisé si elle n'obtient pas communication de ces
données, ou si je choisis de retirer mon consentement a leur traitement, préalablement a la date
de mon intervention chirurgicale.

Ces données sont destinées aux membres autorisés des services de gestion des
commandes/facturation, fabrication des ouitils, logistique et transport de la société Tornier.

Elles sont traitées et conservées par la société Tornier jusqu'a la date de lintervention
chirurgicale envisagée.

Aprés cette date, elles sont archivées sur une base sécurisée pendant 10 ans, conformément aux
dispositions légales applicables.
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Elles pourront également étre traitées sous forme anonyme et agrégée a des fins d’utilisation
sous forme statistique, de référence, de recherche, d’analyse de données et d’amélioration du
logiciel.

Je dispose d’'un droit d’accéder aux données me concernant et d'en demander la rectification,
lorsqu’elles sont inexactes, ainsi que de m’opposer a leur hébergement auprés d’un hébergeur
agréé pour des motifs Iégitimes.

Je dispose également du droit de demander la limitation du traitement de mes données, ainsi que
du droit de transmettre des directives concernant le sort de mes données aprés ma mort. Je suis
également en droit de demander une copie de mes données personnelles traitées dans les
conditions décrites ci-dessus sous un format structuré, couramment utilisé et lisible par machine.
Je peux exercer ces droits en adressant ma demande directement au Docteur ou auprés du
médecin Hébergeur COREYE :

Par écrit a I'adresse suivante : 61, avenue de I'Harmonie - 59262 Sainghin-en-Mélantois,
FRANCE

Par courriel a I'adresse : support@coreye.fr

Par téléphone en contactant le support au : 03.28.520.525

Les réclamations relatives a l'utilisation de mes données personnelles peuvent étre adressées a
la Commission Nationale de I'Informatique et des Libertés, 3 Place de Fontenoy - TSA 80715 -
75334 PARIS CEDEX 07 - FRANCE

0O Je consens expressément au traitement de mes données dans les conditions, par les
personnes et aux fins décrites ci-dessus.

Fait a , le

[Signature du patient]
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Annexe 2 : Protocole d’acquisition scanner

» Parametres recommandés

Modalité - (0008,0060) cT

Kernel / Algorithm - (0018,1210) Bone or Bone+

kVp - (0018,0060) 120 or 140 kVp

Manuel 240 mA

mAs - (0018,1152) NE PAS utiliser auto-mA

Intervalle des coupes - (0018,0088) 1.2 mm

Temps d’exposition - (0018,1150) 1000 ms

Note: Utiliser le réglage manual-mA a 240mA permettra d’avoir des images compatibles avec

le logiciel BLUEPRINT™ 3D PLANNING.

» Détails pour le parametre « Display Field Of View » (DFOV):

Inclure 'omoplate en entier

DFOV (vue axiale) Entre 25cmet 32 cm

Inclure 'omoplate en entier

DFOV (vue frontale) Supérieur 3 10 cm

Taille de la matrice 512x512

FOV along Scapula 250 - 320mm

g
=
v,
B
3
3
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Normal glenohumeral joint morphology and glenohumeral relationships have not been
assessed using specifically the 3D-scapular body plane generated by a fully-automatic
software.

Etude IV

Primary glenohumeral osteoarthritis threshold in the modified-Walch glenoid classification
has been establish subjectively. To date the collection of important CT-scan databases and
the use of automatic 3D segmentation softwares may help to better refine the limits of each
subtypes.

Etude V

Glenoid inclination definition is highly discussable. In reverse shoulder arthroplasty
positioning of the baseplate depend on the anatomy of the inferior glenoid and the global
inclination underestimates its superior tilt.

Etude VI

Reverse shoulder arthroplasty positioning and designs have progressed a lot from the
2000’s. To date 3D automatic software allows simulating the prosthetic motion and reducing
the scapulohumeral impingements.

Etude VII

Positioning of the prosthetic implant is a critical factor for early loosening especially on the
glenoid side. Patient specific instrumentations after 3D planning are available and have
already proven their accuracy in glenoid implantation in cadavers.

Etude VIII

Respective implications of 3D planning and patient specific guides are not known in the
improvement of implant positioning accuracy.
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OBJECTIFS

Etude |

To use our fully automated method to measure 3D glenoid version and inclination in
osteoarthritic shoulders, and to assess validity and reliability in comparison with previously
described methods.

Etude
To present several modifications to the original Walch classification system to enable more
accurate and reliable description of glenoid morphology.

Etude Il

1) To determine the 3D-geometry of the normal glenohumeral joint with reference to a
scapular body plane defined through autosegmentation independent of the glenoid.

2) To evaluate the spatial correlation between humeral head position and glenoid
orientation.

Etude IV

To perform a three-dimensional description of the GHJ in PGHOA and to establish the
morphometric differences and thresholds that exist between normal shoulders and primary
glenohumeral osteoarthritis (PGHOA), and amongst the various types of the Walch
classification when possible

Etude V

To describe and validate a new method for measuring the inclination relevant to the reverse
prosthesis in the inferior half of the glenoid for use in both plain radiography and 2D and 3D
computed tomography to avoid superior tilt in reverse shoulder arthroplasty.

Etude VI

To compare the range of motion in reverse shoulder arthroplasty between different humeral
implant designs (Inlay-155° vs Onlay-145°) and a glenoid implant that could be lateralized or
not (RSA vs BIO-RSA) using a 3D automatic software that represents the evolution of our
daily practice.

Etude VII

To determine the mean error in version and inclination and mean deviation of the position
of the entry point of the guide wire in relation to the planned parameters in patients
operated for total shoulder arthroplasty.

Etude VIl

To evaluate the proper role of the patient-specific guide in improving the surgeon’s accuracy
by comparing the accuracy of glenoid implant position 1) with isolated 3D-preoperative
planning (Glenosys-Imascap) using a freehand implantation method and with the use of a
patient-specific guide for glenoid implantation.
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HYPOTHESES

Etude |

The automated measurements of osteoarthritic shoulders with this novel software would be
valid and comparable with those obtained with previously described manual or semi-
automated methods

Etude
These modifications to the Walch classification system, when using 3D glenoid
reconstructions, will lead to improved interobserver and intraobserver agreement.

Etude Il
The humeral head position is correlated with the glenoid orientation and direction.

Etude IV
There are clear morphometric discriminants between the various glenoid types, and that
specific numeric limit values may allow identifying each glenoid type.

Etude V

1) The RSA angle would reliably and accurately measure the inclination relevant to the
reverse prosthesis on plain radiographs and CT scans and

2) preoperative measurement of glenoid inclination over the entire glenoid surface (TSA
angle or b angle) would underestimate the potential superior inclination of the RSA
baseplate and, therefore, the amount of correction required for implantation in neutral
inclination.

Etude VI
Our hypothesis was that the glenoid lateralization allowed a better ROM and that the Onlay
design increased the risk of early acromial abutment.

Etude VII
Preoperative planning and patient specific guide provide an accurate and reproducible
positioning and orientation of the glenoid component in anatomical TSA.

Etude VIII

Patient specific instrumentation improves the positioning and the orientation of the glenoid
implant compared with freehand implantation.
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MATERIELS & METHODES

Etude |

From 60 CT-scans of shoulders with primary glenohumeral osteoarthritis, we generated the
glenoid measurements of the version and inclination with an automated, surgeon-operated
3D-software. Those measures were compared with five previously described manual
methods achieved by 2 independent surgeons (inter- and intraobserver analysis).

Etude

We modified the Walch classification especially by adding the B3-type (retroversion >15°
and/or subluxation >70°) and the D-type (anteversion >5°) glenoids. Using 3D CT-scan
glenoid reconstructions, 3 evaluators used the original Walch classification and the
modified-Walch classification to classify 129 glenoids on 4 separate occasions. Reliabilities
were assessed by calculating k coefficients.

Etude Il

From 122 strictly normal glenohumeral joints, we performed 3D-segmentation and
measurements with a fully automatic software. Geometric measurements included: version,
inclination, direction, orientation, best-fit sphere radius, humeral subluxation, critical
shoulder angle and reverse shoulder angle, glenoid area and glenohumeral distance.

Etude IV

From 707 shoulders with primary glenohumeral osteoarthritis and 122 normal shoulders we
described and compared the pathologic 3D glenoid and humeral morphometrics and the
glenohumeral relationships from measures provided by a 3D automatic software. When
possible we also determined thresholds to differentiate each glenoid types.

Etude V

From 47 shoulders suffering from cuff tear arthropathy or massive rotator cuff tear, we
made an inter- and intra-observer analysis of the measurements of the “reverse shoulder
angle” (RSA-angle) and “total shoulder angle” (TSA-angle) on AP X-rays, reformatted 2D CT-
scans and with a 3D automatic software.

Etude VI

From 31 shoulders suffering from cuff tear arthropathy (Favard-E1), we simulated 4 different
planning with or without glenoid implant lateralization (RSA or BIO-RSA) and an Inlay or
Onlay humerus implant. The range of motion and the impingement zones were reported.

Etude VII

From 17 total shoulder arthroplasty performed with a patient-specific guide printed after a
3D preoperative planning, we compared the planned and the actual pre- and post-operative
version, inclination and entrypoint of the glenoid implant.

Etude VIl

From 17 total shoulder arthroplasty performed with a single preoperative planning, the
position of the glenoid component was compared to the planned position. Then, the results
were compared to those obtained in Study VIl that used of the patient specific guides.
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RESULTATS

Etude |

The differences between the automatic software and the handmade methods varied from
1.8 to 2.5° for version (almost perfect agreement) and 0.2 for inclination (very good
agreement) and were not significant. No differences were found in the inter- and
intraobservers analysis.

Etude

Inter- and intra-observer improved between the use of the original Walch classification and
the modified-Walch classification (0.391 to 0.703 and 0.605 to 0.882). The observers never
agreed on a B1 glenoid entirely.

Etude Il

Glenoid version and inclination were -6+4° and 7°+5 respectively on average. Males and
females were found to have significantly different values for inclination (6° vs 9°, p=0.02),
but not for version. Humeral subluxation was 59+7% with a linear correlation with glenoid
retroversion (r=-0.70, p=0.0001) regardless of age. There was a significant and linear
correlation between glenoid and humeral orientation and direction (r=0.72 and r=0.70,
p<0.001).

Etude IV

In primary glenohumeral osteoarthritis, 90% of the glenoids and 85% of the humeral head
were directed posteriorly. Joint narrowing under 3mm was a marker of A-type glenoids.
Humeral subluxation >70% was the most discriminating parameter between the normal GH)J
and a B1l-type. The root mean square error of the glenoid-BFS helped to identify B2-types.
B3 had a greater retroversion (>13°) and subluxation (> 71%) than A2-types. The C glenoid
retroversion inferior limit of glenoid retroversion was 21°, whereas normal glenoids never
presented a retroversion greater than 16°.

Etude V

The mean RSA angle was 25+8° on AP X-Rays, 20+6° on reformatted 2D CT-scans, and 21+5°

via 3D software. The mean TSA angle was on average 10+5° lower than the mean RSA angle

(p<0.001) regardless of the method of measurement. In Favard type E1 glenoids with central
concentric erosion, the difference between the 2 angles was 12+4° (p<0.001).

Etude VI

Lateralization provided better results in all motion. Onlay implants allowed better rotations,
extension and adduction with delayed impingements with the pilar. The greater tuberosity
conflicts with the acromion were associated with the lowest abduction independently from
the lateralization, and the Inlay design was the most performing in abduction motion.

Etude VII

The mean error in the accuracy of the entry point was -0.1+1.4mm in the horizontal plane,
and 0.8+1.3mm in the vertical plane. The mean error in the orientation of the glenoid
component was 3.445.1° for version and 1.8+5.3° for inclination.
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Etude VIl
The use of the planning alone allowed an accuracy of 2.9+1.4mm vs 2.1+0.9mm with a guide

(p=0.05). Guide provided more accuracy in glenoids with severe retroversion (>10°). The
differences were not significant in version and inclination.
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CONCLUSIONS

Etude |

Automated measurement of 3D glenoid inclination and version on standard CT-images of
osteoarthritic shoulders is valid, with excellent correlation to previously proposed 2D and 3D
manual or semi-automated methods. The automated method eliminates inter- and
intraobserver discrepancies.

Etude

When 3-dimensional glenoid reconstructions and the modified Walch classification
described herein are used, improved interobserver and intraobserver reliabilities are
obtained.

Etude Il

The 3D-geometry of the glenoid and humeral head remains consistent in normal shoulders;
interindividual variations, regardless of the size, are relative to the scapular plane. There
exists a strong correlation between the position of the humeral head and the glenoid
orientation and direction.

Etude IV

Morphometric differences and thresholds can be identified from three-dimensional
measurements obtained with an automatic preoperative planning software in shoulders
suffering from PGHOA. This method and the provided results can be of substantial interest to
develop automatic diagnostic assistance algorithms.

Etude V

RSA angle is representative of the inferior glenoid tilt while the TSA angle underestimates its
superior orientation. The RSA angle needs to be corrected to achieve neutral inclination of
the baseplate. E1-glenoids are at risk for baseplate superior tilt if RSA angle is not corrected.

Etude VI

Glenoid lateralization delays the glenohumeral impingement in RSA and gives the best
rotations, adduction and extension when associated with neutral inclination and humeral
145° inclination. GT abutment has to be avoided in abduction and the Inlay design provides
the best abduction.

Etude VII
Pre-operative planning with automatic software and the use of PSGs provides accurate and
reproducible positioning and orientation of the glenoid component in anatomical TSA.

Etude VIl

3D pre-operative planning allowed accurate glenoid component positioning with a freehand
method. Patient-specific guides slightly improved the position of the central point, especially
for severely retroverted glenoids, but not the orientation of the component.
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Automated Three-Dimensional Measurement of

Glenoid Version and Inclination in
Arthritic Shoulders
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Centre Orthopédique Santy, Hopital Privé Jean Mermoz, Lyon, France

Background: Preoperative computed tomography (CT) measurements of glenoid version and inclination are recom-
mended for planning glenoid implantation in shoulder arthroplasty. However, current manual or semi-automated 2-
dimensional (2D) and 3-dimensional (3D) methods are user-dependent and time-consuming. We assessed whether the use
of a 3D automated method is accurate and reliable to measure glenoid version and inclination in osteoarthritic shoulders.

Methods: CT scans of osteoarthritic shoulders of 60 patients scheduled for shoulder arthroplasty were obtained. Automated,
surgeon-operated, image analysis software (Glenosys; Imascap) was developed to measure glenoid version and inclination.
The anatomic scapular reference planes were defined as the mean of the peripheral points of the scapular body as well as the
plane perpendicular to it, passing along the supraspinatus fossa line. Measurements were compared with those obtained
using previously described manual or semi-automated methods, including the Friedman version angle on 2D CTs, Friedman
method on 3D multiplanar reconstructions (corrected Friedman method), Ganapathi-lannotti and Lewis-Armstrong methods on
3D volumetric reconstructions (for glenoid version), and Maurer method (for glenoid inclination).The mean differences (and
standard deviation) and the concordance correlation coefficients (CCCs) were calculated. Two orthopaedic surgeons inde-
pendently examined the images for the interobserver analysis, with one of them measuring them twice more for the intra-
observer analysis; interobserver and intraobserver reliability was calculated using the intraclass correlation coefficients (ICCs).

Results: The mean difference in the Glenosys glenoid version measurement was 2.0° + 4.5° (CCC = 0.93) compared with
the Friedman method, 2.5° + 3.2° (CCC = 0.95) compared with the corrected Friedman method, 1.5° + 4.5° (CCC = 0.94)
compared with the Ganapathi-lannotti method, and 1.8° + 3.8° (CCC = 0.95) compared with the Lewis-Armstrong method.
There was a mean difference of 0.2° + 4.7° (CCC = 0.78) between the inclination measurements made with the Glenosys
and Maurer methods. The difference between the overall average 2D and 3D measurements was not significant (p = 0.45).

Conclusions: Use of fully automated software for 3D measurement of glenoid version and inclination in arthritic shoul-
ders is reliable and accurate, showing excellent correlation with previously described manual or semi-automated methods.

Clinical Relevance: The use of automated surgeon-operated image analysis software to evaluate 3D glenoid anatomy
eliminates interobserver and intraobserver discrepancies, improves the accuracy of preoperative planning for shoulder
replacement, and offers a potential gain of time for the surgeon.

ability of the surgeon to identify the severity of glenoid
bone loss and determine the appropriate location and
orientation for the glenoid implant'. Glenoid version and in-

T he success of total shoulder arthroplasty depends on the

clination need to be corrected at the time of prosthetic glenoid
implantation. Malpositioning of the glenoid component (i.e.,
with excessive retroversion and/or inclination) in shoulder
arthroplasty has been shown to predispose to prosthetic

Disclosure: No external funds were received in support of this study. On the Disclosure of Potential Conflicts of Interest forms, which are provided with the
online version of the article, one or more of the authors checked “yes” to indicate that the author had a relevant financial relationship in the biomedical arena
outside the submitted work (including Imascap, of which J. Chaoui is CEO) and “yes” to indicate that the author had other relationships or activities that could be
perceived to influence, or have the potential to influence, what was written in this work (P. Boileau, G. Walch, and J. Chaoui are involved in the development of the
3-dimensional software [Glenosys; Imascap] that was used in the present study and are shareholders of Imascap) (http://links.lww.com/JBJS/E547).
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TABLE | Recommended CT-Scan Parameters

CT-Scan Parameters Recommended Values

Slice thickness <1.0 mm
No. of slices >200
Field of view Whole scapula
X,Y resolution <0.5 mm
Matrix size 512 x 512
kV 140

mA >300

instability and early component loosening or failure™. As-
sessment of glenoid version and inclination in arthritic
shoulders is therefore of paramount importance for preoper-
ative planning of glenoid implantation™.

Computed tomography (CT) images have become the gold
standard to assess retroversion and inclination and to calculate
the potential correction needed. The first proposed methods for
assessing glenoid version and inclination used 2-dimensional
(2D) CT images™". Several studies have recently shown that 3-
dimensional (3D) reconstructions for measurements of glenoid
version and inclination were more accurate than standard 2D-CT
slices""®. Although 3D methods avoid measurement inaccuracies
attributed to uncorrected 2D images, these techniques need
manual or semi-automated reformatting and processing in order
to obtain 3D reconstruction of the scapula. Additionally, most of
the current methods rely on the individual surgeon and engi-
neers, which potentially introduces uncontrolled variability.

To overcome these problems, we developed automated
surgeon-operated image analysis software (Glenosys; Imascap),
which provides complete 3D reconstruction of the scapula and
humerus and fully automated measurements of 3D glenoid
orientation.

The purpose of this study was to use our fully automated
method to measure 3D glenoid version and inclination in
osteoarthritic shoulders, and to assess validity and reliability
in comparison with previously described methods. We

Retroversion

AUTOMATED THREE-DIMENSIONAL MEASUREMENT OF GLENOID
VERSION AND INCLINATION IN ARTHRITIC SHOULDERS

hypothesized that the automated measurements of osteoar-
thritic shoulders with this novel software would be valid and
comparable with those obtained with previously described
manual or semi-automated methods.

Materials and Methods
his study was approved by the Institutional Review Board
of the Ethical Committee of Hopital Privé Jean Mermoz,
Lyon, France (No. 2016-03).

Sample Size

An a priori power analysis was performed to determine the
sample size needed for a paired-means comparison. Type-1 and
type-2 errors were set at 0.05 and 0.20, respectively. We con-
sidered a mean difference (and standard deviation) of 5° + 13°
between measurements to be acceptable”. Using MedCalc
software (version 12.7), we calculated that the minimum re-
quired sample size to allow comparison was 55 patients.

Study Cohort

A CT scan of the shoulder was obtained for 63 patients with
glenohumeral osteoarthritis scheduled for shoulder replacement
by the 2 senior authors (G.W. and PB.). Three patients with
inadequate CT scans (low-resolution images and/or a truncated
scapula) were excluded from the study, leaving 60 patients. The
mean patient age was 66 + 8 years (range, 54 to 76 years). There
were 28 men and 32 women. Osteoarthritis was identified on
radiographs and on the basis of clinical findings of a painful and
restricted range of motion. Patients with previous shoulder
surgery, rheumatoid arthritis, a history of glenohumeral trauma,
shoulder instability, rotator cuff tears, or infection were ex-
cluded. The preoperative CT studies were performed at the
discretion of each surgeon as part of his normal preoperative
evaluation. According to the classification described by Walch
et al.’, there were 17 Al, 16 A2, 8 B1, 9 B2, and 10 C glenoids.

CT Image Acquisition
With the patient positioned supine on the CT table, a scan
that included the entire scapula was made of each shoulder with

Fig. 1

Two-dimensional measurements of glenoid version on corrected axial slices (according to the modified method of Friedman et al.82°) (Fig. 1-A) and of
glenoid inclination on corrected sagittal slices (according to the method described by Maurer et al.?4) (Fig. 1-B).
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AUTOMATED THREE-DIMENSIONAL MEASUREMENT OF GLENOID
VERSION AND INCLINATION IN ARTHRITIC SHOULDERS

Glenoid
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LAT angle Dl;;;ileo:_\ X - angle

Fig. 2

Methods to measure 3D glenoid version and inclination in an arthritic shoulder with fully automated Glenosys software. SUP = superior, LAT = lateral, INF =

inferior, ANT = anterior, and POST = posterior.

a Siemens Somatom CT scanner (Siemens Healthcare). All scans
were made with the same acquisition parameters (Table I).

3D Volumetric Reconstruction and Segmentation of the Scapula
Analysis was performed by comparing 2D or 3D measurements

obtained with automated segmentation and measurements
with our system.

In order to apply the manual measurements, the scapulae
were segmented with a semi-automated method using Amira
version-5.0 software (Visualization Sciences Group). For each

obtained with manual segmentation (tracing) with those | slice, a bone mask was generated using an intensity-based

Patient Name Patient304
Side Right

Inclination Sup

Retroversion

Fig. 3

Screen shot made during preoperative planning for shoulder replacement in an arthritic shoulder with automated 3D measurement of glenoid version and
inclination (17° of retroversion and 13° of superior inclination in this case). The 2D axial CT cuts are generated from the 3D images and reformatted
perpendicular to the scapular plane, whereas the 2D coronal CT cuts are reformatted parallel to the scapular plane.
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AUTOMATED THREE-DIMENSIONAL MEASUREMENT OF GLENOID
VERSION AND INCLINATION IN ARTHRITIC SHOULDERS

TABLE Il Glenoid Version and Inclination in Arthritic Shoulders (N = 60) Measured with Glenosys and Previous Methods

Mean (°)  Standard Deviation (°)  Standard Error (°) 95% Confidence Interval (°)  Minimum (°)  Maximum (°)

Version

Glenosys -9.75 12.81 1.65 —13.060, —6.44 —54.0 39.0

Friedman -7.29 12.81 1.65 —10.60, —3.98 -59.4 441

Corrected Friedman -7.21 12.77 1.61 -10.42, —3.99 -58.7 49.8

Ganapathi-lannotti -8.44 14.90 1.88 —-12.19, —4.68 -72.8 44.5

Lewis-Armstrong —7.69 13.47 1.70 —11.08, —4.29 —64.5 40.8
Inclination

Glenosys 7.28 7.38 0.95 5.38, 9.19 -10.0 22.0

Maurer 7.68 6.61 0.83 6.02, 9.35 -12.1 23.2

thresholding. Manual corrections, if needed, were applied on
selected pathologically affected regions prior to 3D recon-
struction of the scapula. Three-dimensional segmentation us-
ing Glenosys software is fully automated and has been found to
be valid and reliable, allowing measurement of angles to be
made; the mean error for segmentation using Glenosys soft-
ware was 0.4 + 0.09 mm!819,

2D Measurement of Glenoid Version: Friedman Method
The Friedman version angle® was measured manually in the 60
scapulae using OsiriX software, version 5.6 32-bit (Pixmeo).
The anatomic axis of the scapula (Friedman line) was defined
as the line passing through the most medial point of the scapula
to the middle of the glenoid fossa on the first axial image
inferior to the coracoid process. A second straight line was
drawn from the anterior to the posterior edge of the glenoid
fossa (intermediate joint line). The glenoid version corre-
sponds to the angle between this joint line and the Friedman
line. A positive value was interpreted as anteversion, whereas a
negative angle was interpreted as retroversion (Fig. 1).

In the presence of posterior glenoid erosion (a B2 gle-
noid), 3 different reference lines of the glenoid joint surface can
be determined corresponding to the paleoglenoid (native gle-
noid surface), the neoglenoid (new posterior erosion facet), and
the intermediate glenoid (line from anterior to posterior edge)*'.
The intermediate glenoid line takes into account irregularities
secondary to posterior erosion. It has been shown that the in-
termediate line is more reliable for assessing version of glenoids
with posterior erosion (B2 glenoids)*. The intermediate line also
approximates the surface that can be obtained with minimal
bone loss after conservative reaming of the glenoid surface.

3D Measurement of Glenoid Version

CT scans of the scapulae were acquired, and 3D multiplanar
reconstruction was performed using the same OsiriX software®.
The scapular anatomic plane was determined as previously
described™, by manually selecting 3 landmarks on the scapular
body: the glenoid center, the intersection of the scapular spine
and the medial border, and the most inferior point of the
scapular body. Glenoid version was then measured manually
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Fig. 4 Correlation between Glenosys and Friedman version measurements. Fig. 5 Correlation between Glenosys and corrected Friedman version

measurements.
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AUTOMATED THREE-DIMENSIONAL MEASUREMENT OF GLENOID
VERSION AND INCLINATION IN ARTHRITIC SHOULDERS
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Fig. 6 Correlation between Glenosys and Ganapathi-lannotti version measurements. Fig. 7 Correlation between Glenosys and Lewis-Armstrong version

measurements.

with the Friedman method, the Ganapathi-lannotti method,
and the Lewis-Armstrong method™'*'**,

Corrected Friedman Method: Manual 3D Version Measurement
with 3D Multiplanar Reconstruction

The original CT scan data were reconstructed using OsiriX
software to align the coronal and sagittal planes with the
superior-inferior axis of the glenoid and the scapular body,
respectively. The reconstructed images correct for variation in
scapular positioning relative to the original CT axial cuts, which
has been shown to cause measurement error”*. The Friedman
angle was measured on the reformatted images in the trans-
verse plane parallel to the supraspinatus fossa line and passing
under the tip of the coracoid process.

Ganapathi-Iannotti Method: Manual 3D Version Measurement
with 3D Volumetric Reconstruction

We used the glenoid fossa method described by Ganapathi et al."
to determine the glenoid plane using 3 points: the superior pole of
the glenoid and 2 points anterior and posterior on the inferior
third of the glenoid. The scapular plane was defined, as previously
described'™*, by 3 points: 1 at the center of the glenoid, a second at
the medial border of the scapula where the scapular spine inter-
sects the scapular body, and the third at the inferior tip of the
scapula. The glenoid version angle was determined as the angle
between the plane of the glenoid fossa and the plane of the scapula.

Lewis-Armstrong Method: Manual 3D Version Measurement with
3D Volumetric Reconstruction

The Lewis-Armstrong method utilizes a best-fit sphere of the
humeral head. The radial line connecting the sphere center and
the glenoid fossa center point was determined. The glenoid
version angle was the angle between the radial line and the
scapular plane”. The scapular plane for this method was the
same as in the corrected Friedman method.

Measurement of Glenoid Inclination: Maurer Method
Glenoid inclination was measured using 3D multiplanar
reconstruction. According to Maurer et al.*, the inclination
angle is defined as the angle between the supraspinatus fossa
and glenoid face. The axis passing through the supraspinatus
fossa is an accurate landmark with which to assess glenoid
inclination (Fig. 1). A positive value is interpreted as superior
inclination, whereas a negative value indicates inferior
inclination.

3D Measurements of Version and Inclination Using Glenosys
Fully Automated Method

The Glenosys software allows automated segmentation of the
humerus and scapula, definition of scapular planes, and de-
termination of glenoid version and inclination. The automated
method for 3D reconstruction of the scapula defines a reference
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Correlation between Glenosys and Maurer inclination measurements.
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TABLE llI Intraobserver and Interobserver Reliability

ICC

Intracbserver

Interobserver

Version
Glenosys
Friedman
Corrected Friedman
Ganapathi-lannotti
Lewis-Armstrong
Inclination
Glenosys
Maurer

1 (automated)
0.984
0.982
0.977
0.970

1 (automated)
0.884

1 (automated)

0.975
0.970

1 (automated)
0.895

scapular plane based on all 3D points of the scapular body (the
scapular body plane). We have applied skeletonization (a
mathematical morphological operation) to extract the central
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Fig. 9

AUTOMATED THREE-DIMENSIONAL MEASUREMENT OF GLENOID
VERSION AND INCLINATION IN ARTHRITIC SHOULDERS

path of a 3D shape and topology of the scapula. This method
preserves the topology of the scapula (i.e., its shape) and pro-
vides all of the points within the scapula. Thousands of points
were used to find the best-fit plane to the scapular blade in-
cluding the glenoid area. Only the glenoid articular surface, the
coracoid process, and the acromion were excluded from the
computation. The curvature of the scapular blade is a common
limitation of all previous methods that impacts the orientation
plane. The use of a cloud of points of the scapular body reduced
the impact of curvature variation.

The same process was applied to define a best-fit sphere
of the glenoid surface, using a 3D watershed-based method
applied on the 3D scapular model (Fig. 2). This method treats
the glenoid as a “catchment basin” and separates it from other
anatomic parts. When there was a biconcave glenoid, the
spherical fit was an averaged estimation of the best-fit sphere
on both neoglenoid and paleoglenoid surfaces. The software
excludes osteophytes from axis and version measurements.
However, it still provides global 3D representation of the gle-
noid orientation.
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Analysis with the Bland and Altman method of concordance between the measurements of glenoid version with Glenosys software and those with the other
methods. SD = standard deviation.
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TABLE IV Concordance Coefficient Correlation (CCC) Between

Glenosys and Previous Methods

95% Confidence
CCC Interval

Version

Friedman 0.93 0.89, 0.96

Corrected Friedman 0.95 0.92, 0.97

Ganapathi-lannotti 0.94 0.91, 0.96

Lewis-Armstrong 0.95 0.92, 0.97
Inclination

Maurer 0.78 0.65, 0.86

The version angle was automatically computed as the
angulation between the scapular plane and the glenoid best-fit-
sphere centerline projected on the transverse scapular plane.
The glenoid centerline was defined as the line connecting the
glenoid center and the best-fit-sphere center, where the glenoid
center is the centroid of the clouds of points defining the gle-
noid surface. As the method uses all of the points of the scapula
and glenoid, there was no need to manually define any point on
the 3D model (Fig. 3).

The inclination was measured on the basis of the trans-
verse line that runs through the supraspinatus fossa between the
trigonum scapulae and the middle of the glenoid vault. This line
is also detected automatically. To calculate this axis, the program
reslices the scapula in the sagittal plane and identifies the in-
tersection point of the 3 branches of the Y shape formed by the
coracoid, scapular spine, and scapular body. Then the computer
adjusts a best-fit line to these intersection points in order to
define the transverse axis. This axis perfectly fits the intersection
curve between the scapular spine and the scapular blade. The
inclination angle is defined as the angle between the transverse
line and the glenoid centerline projected on the scapular plane.

Statistical Analysis
The reproducibility of measurements was verified by determining
the intraclass correlation coefficients (ICCs) for 2D and 3D

AUTOMATED THREE-DIMENSIONAL MEASUREMENT OF GLENOID
VERSION AND INCLINATION IN ARTHRITIC SHOULDERS

methods”. The CT images for each subject were presented indi-
vidually to 2 experienced orthopaedic shoulder surgeons, who
measured each image with the 4 manual methods (while blinded
to each other’s results) for the interobserver analysis. One of the
observers also performed the measurements twice more at 1-week
intervals for the intraobserver analysis. As the measurements of
glenoid version and inclination using Glenosys software are fully
automated, no interobserver or intraobserver analysis was needed.

Comparison of Glenosys measurements and those ob-
tained with each manual technique was performed using the
concordance coefficient correlation (CCC) with values of >0.81
indicating almost perfect agreement™. A graphic analysis with
the Bland-Altman plot was also used, and the reliability coef-
ficient was then calculated”. Repeated-measures analysis of
variance (ANOVA) was used to detect significant differences
between the measured angles.

Statistical analysis was performed using MedCalc soft-
ware (version 12.7). The results were calculated in terms of
means (and standard deviations) and percentages. The level of
significance was set at 0.05 (p < 0.05).

Results
Glenoid Version and Inclination
he mean values for glenoid version and inclination are
summarized in Table II. Glenoid version measured with
the Glenosys method did not differ significantly from that
measured with any of the 4 manual methods, and glenoid in-
clination measured with the Glenosys method did not differ
significantly from that measured with the Maurer method
(Figs. 4 through 8). The difference between the overall average
2D and 3D measurements was not significant (p = 0.45).

Intraobserver and Interobserver Reliability

Table III shows the intraobserver and interobserver reliability
of the methods with which the Glenosys method was com-
pared. The interobserver analysis was performed for the
Ganapathi-Tannotti and Lewis-Armstrong methods. Interob-
server error analysis revealed no statistical differences between
the 2 observers (Fig. 9). All the methods had excellent intra-
observer reliability.

TABLE V Analysis of Concordance with Bland and Altman Method*

Reliability Coefficient
Methods Mean Difference (°) 95% CI (°) SD (°) (1.96 SD) (°)
Version
Friedman 2.0 0.8, 3.2 4.5 —
Corrected Friedman 2.5 1.7, 3.4 3.2 —
Ganapathi-lannotti 1.5 0.3, 2.7 4.5 8.8
Lewis-Armstrong 1.8 0.8, 2.8 3.8 7.4
Inclination 0.2 -1,1.5 4.7 9.25
*SD = standard deviation, and Cl = confidence interval.
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Concordance of Measurements with the Fully Automated
Software

Concordance of measurements made with the Glenosys soft-
ware and other methods demonstrated almost perfect agree-
ment for glenoid version and very good agreement for
inclination (Table IV).

Analysis of concordance with the Bland and Altman
method” demonstrated reliability of the Glenosys
measurements of glenoid version and inclination compared
with the measurements made with the other methods

(Table V).

Discussion
Assessment of glenoid version and inclination in arthritic
shoulders is of paramount importance for preoperative
planning of prosthetic glenoid implantation. In 2 previous
in vitro studies, we demonstrated excellent reliability and re-
producibility of glenoid measurements made with novel fully
automated software in non-arthritic cadaveric scapulae'***. The
purpose of the present study was to measure 3D glenoid ver-
sion and inclination in osteoarthritic shoulders with this au-
tomated method and to compare these measurements with
those obtained with previously described manual 2D and 3D
methods. In this way, we sought to investigate the clinical po-
tential for replacing manual segmentation, landmarking, and
version and inclination measurement with an automated
technique.

The analysis of the data confirmed our hypothesis that
the use of fully automated 3D imaging software to measure
glenoid version and inclination in arthritic shoulders is valid
and accurate when compared with previously described
manual or semi-automated methods. Our results for glenoid
retroversion and inclination of the arthritic shoulder were
also similar to those published in the literature®!"'******,
The fully automated method is at least as accurate as the
previously proposed manual or semi-automated methods.
The reliability and reproducibility of glenoid measurements
with this fully automated software, previously demonstrated
in in vitro studies of non-arthritic scapulae'®", were con-
firmed in the present in vivo study of arthritic shoulders. The
automated method eliminates interobserver and intra-
observer discrepancies, takes into account osteophytes, and
is a useful tool in preoperative planning for shoulder re-
placement®. Preoperative planning with automated software
allows surgeons to anticipate the intraoperative technical
challenges of shoulder arthroplasty, to anticipate the type of
implant to be used (standard, augmented, or reverse glenoid
implant), and ultimately to improve the accuracy of the
placement and thus the long-term survival of the glenoid
implant.

Using standardized CT studies of the arthritic shoulder,
our software allows rapid and automated segmentation of the
scapula, determination of the reference planes, and 3D
measurements of version and inclination of the pathologi-
cally altered glenoid surface'™'. The 3D fully automated
Glenosys software offers several potential advantages: (1) it

AUTOMATED THREE-DIMENSIONAL MEASUREMENT OF GLENOID
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is time-saving for the surgeon since there is no need for
preliminary manual segmentation of the scapula (third-party
intervention) to define the coordinate system prior to mak-
ing measurements and no need to correct the position of the
scapula to be aligned in the coronal, sagittal, and axial planes;
(2) it is independent of the surgeon’s experience to select
references points, determine scapular and glenoid planes, or
determine the best-fit sphere; (3) the preoperative planning
can be done independently by the surgeon; and (4) the
software is free.

The reliability of the reference planes defined with the
automated method can be questioned'™"**. With traditional
2D and 3D methods, the coronal and transverse scapular
planes are based on manual positioning of 3 points (glenoid
center, most inferior point, and intersection between the
spine and the medial border of the scapula), whereas
the glenoid plane is determined by positioning 3 points on the
glenoid rim or by applying the best-fit sphere®'*'>'>'**°, With
the automated software, calculation of the reference planes is
based on thousands of 3D points on the scapular body, and
the glenoid plane is determined through automated appli-
cation of the best-fit sphere on the glenoid surface. The
present study shows that such robust methodology is at least
equivalent to the previously published 2D and 3D
methods"”.

There are several limitations of this study. The manual
methodology used in the 2D and 3D manual methods may
have introduced inaccuracy. However, the observers regis-
tered the specific reference points according to recommen-
dations of the developers of the 3D manual methods. To
validate these 3D manual methods, we performed a repro-
ducibility analysis of the registration procedure and the in-
traobserver and interobserver reproducibility for this process
was very high (R1/4 = 0.99 and 0.99, respectively). Although
our new automated method differs from other 2D or 3D
computer planning methods, it is potentially useful for de-
fining reliable measurements because there is no sensitivity to
anatomic landmark definition. Finally, although it is accepted
that excessive uncorrected retroversion and inclination are
detrimental to the biomechanics and survivorship of ana-
tomic shoulder arthroplasty implants, there is a lot that we do
not know about scapular and glenoid position and glenohu-
meral kinematics that is not accounted for in this study.
Nevertheless, the use of the automated software for preop-
erative planning could avoid major errors in implant place-
ment and orientation in shoulder arthroplasty, especially for
tier-2 and 3 surgeons who have less surgical experience and a
lower volume.

In conclusion, automated measurement of 3D glenoid
inclination and version on standard CT images of osteoar-
thritic shoulders is valid, with excellent correlation to pre-
viously proposed 2D and 3D manual or semi-automated
methods. The automated method eliminates surgeon interob-
server and intraobserver discrepancies and facilitates and im-
proves the accuracy of preoperative planning for shoulder
replacement. The automated 3D software is accurate, reliable,
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time-saving, and independent of the surgeon’s experience to se-
lect specific landmarks or determine reference planes. With
knowledge of the 3D inclination and retroversion of arthritic
shoulders, the surgeon can anticipate reorientation and posi-
tioning of the glenoid component in shoulder arthroplasty (“trial
without error”). ®
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A modification to the Walch classification of the @CmsMark
glenoid in primary glenohumeral osteoarthritis
using three-dimensional imaging
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Background: Since Walch and colleagues originally classified glenoid morphology in the setting of gle-
nohumeral osteoarthritis, several authors have reported varying levels of interobserver and intraobserver
reliability. We propose several modifications to the Walch classification that we hypothesize will increase
interobserver and intraobserver reliability.

Methods: We propose the addition of the B3 and D glenoids and a more precise definition of the A2 glenoid.
The B3 glenoid is monoconcave and worn preferentially in its posterior aspect, leading to pathologic ret-
roversion of at least 15° or subluxation of 70%, or both. The D glenoid is defined by glenoid anteversion
or anterior humeral head subluxation. The A2 glenoid has a line connecting the anterior and posterior native
glenoid rims that transects the humeral head. Using 3-dimensional computed tomography glenoid recon-
structions, 3 evaluators used the original Walch classification and the modified Walch classification to classify
129 nonconsecutive glenoids on 4 separate occasions. Reliabilities were assessed by calculating ¥ coefficients.
Results: Interobserver reliabilities improved from an average of 0.391 (indicating fair agreement) using
the original classification to an average of 0.703 (substantial agreement) using the modified classifica-
tion. Intraobserver reliabilities improved from an average of 0.605 (moderate agreement) to an average
of 0.882 (nearly perfect agreement).

Conclusion: When 3-dimensional glenoid reconstructions and the modified Walch classification de-
scribed herein are used, improved interobserver and intraobserver reliabilities are obtained.

Level of evidence: Basic Science Study; Development or Validation of Classification System
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Walch et al® previously developed a classification system
to describe glenoid morphology in cases of primary gleno-
humeral osteoarthritis. Since that classification system was
first presented, several authors have commented on the
interobserver and intraobserver reliability of the classifica-
tion, with varying results.'®">!” Most critical were Scalise et al,'’
who reported only fair agreement for interobserver and
intraobserver assessments.

The original classification and subsequent reviews were
limited in several ways. First, they used traditional
2-dimensional (2D) computed tomography (CT) scans, which
have since been found to portray glenoid version less reli-
ably than 3D reconstructions that analyze the scapula as a
free body."*'>'® These 3D reconstructions provide corrected
axial 2D images that are strictly in the plane of the scapula,
regardless of patient orientation, allowing for more accurate
assessments of version and subluxation.

Second, glenoid morphologies not described in the orig-
inal classification have since been identified and characterized.

Finally, a translational error from the original report that
defines the C glenoid as one with 25° of retroversion “re-
gardless of erosion,” has caused some misuse of that
categorization; a more precise definition of the C glenoid would
be one of 25° of retroversion “not caused by erosion.” This
has caused erroneous labelling of B2 glenoids as C glenoids
despite the presence of biconcavity or the absence of dys-
plasia, or both.

The goal of this report is to present several modifica-
tions to the original Walch classification system to enable more
accurate and reliable description of glenoid morphology. We
hypothesize that these modifications to the Walch classifi-
cation system, when using 3D glenoid reconstructions, will
lead to improved interobserver and intraobserver agreement.

Materials and methods

The original classification includes 5 categories of glenoid pat-
terns: (1) Al—centered humeral head, minor erosion; (2)
A2——centered humeral head, major central glenoid erosion; (3)
B1—posterior subluxated head, no bony erosion; (4) B2—posterior
subluxated head, posterior erosion with biconcavity of the glenoid;
and (5) C—dysplastic glenoid with at least 25° of retroversion re-
gardless of erosion (Fig. 1)."

Figure 1 A schematic representation shows the original Walch
classification.

Figure 2 A schematic representation shows the modified classi-
fication presented here. Note that a line drawn from the anterior to
posterior native glenoid rim transects the humeral head in the A2
glenoid but not in the A1l glenoid.

We propose several modifications to this original classification
system (Fig. 2). Specifically, we suggest the addition of the “B3”
and “D” glenoids and a more precise definition of the A2 glenoid.
We define the B3 glenoid as monoconcave and posteriorly worn,
with at least 15° of retroversion or at least 70% posterior humeral
head subluxation, or both. The B3 glenoid with posterior sublux-
ation without significant retroversion differs from the B1 by the
presence of posterior wear. We define the D glenoid as one with any
level of glenoid anteversion or with humeral head subluxation of
less than 40% (ie, anterior subluxation).

Lastly, the definition of the A2 glenoid “cupula” is also updated
to describe glenoids in which a line drawn from the anterior to pos-
terior rims of the native glenoid transects the humeral head. This
is in contrast to the Al glenoid, in which a line drawn from the an-
terior to posterior rim of the native glenoid does not transect the
humeral head. The definitions of the B1, B2, and C glenoid are un-
changed, although we clarify here the C glenoid to be a dysplastic
glenoid with at least 25° of retroversion “not caused by erosion.”

The new threshold values for defining the B3 glenoid and D
glenoid were determined based on the current literature. We se-
lected 15° or more of retroversion to define the B3 glenoid because
studies have shown that eccentric reaming in glenoids with that
amount of retroversion does not allow for proper implantation of
an anatomic glenoid without perforating the glenoid walls.>¢-51314
Posterior subluxation has been described and reported to be a con-
tributor to early glenoid loosening.” We observed that anterior
subluxation did not occur in normal shoulders, and thus felt the type
D glenoid was also an appropriate addition to the classification. The
threshold for anterior subluxation has also been reported.” Consid-
eration was given to defining both D1 and D2 glenoids based on
monoconcavity vs. biconcavity, but given the small number of cases,
the final decision was made to combine all anteverted or anteriorly
subluxated glenoids into one category.

We selected 129 shoulders with primary osteoarthritis sched-
uled for anatomic or reverse arthroplasty for evaluation. Inclusion
criteria were (1) primary osteoarthritis, (2) no previous surgery, (3)
inclusion of the entire scapula on the CT scan, which is necessary
for conversion to 3D reconstructions, and (4) slice thickness <0.6 mm
and slice increments between 0.312 and 0.625 mm, which are re-
quirements of the protocol to obtain the appropriate CT scans.
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Exclusion criteria included (1) diagnoses other than primary osteo-
arthritis (eg, avascular osteonecrosis, rheumatoid arthritis), (2) previous
surgery, and (3) shoulders with CT scans that did not meet the de-
scribed requirements. Of the most common types—A1, A2, B2 and
B3—an approximately equal number were obtained. Then, the
maximum number of the remaining glenoids that met the inclu-
sion and exclusion criteria was added. The CT scans were blinded
and randomized before distribution to 3 evaluators.

The Glenosys software system (Imascap, Brest, France) was used
to convert CT scans to 3D reconstructions. This software performs
automatic segmentation and full morphologic analysis of the ana-
tomic structure of the bone, creating a 3D model of the scapula and
proximal humerus. After reformatting in the plane of the scapula,
a 2D series of images is created with computer-calculated esti-
mates of glenoid version and humeral head subluxation. This is
performed without any need to manually define points on the model
(Fig. 3).

With this system, glenoid version is calculated according to the
method described by Friedman et al.* This method of measuring
glenoid version has been shown to be more reliable than other
methods that are related to the glenoid surface.'® Humeral head pos-
terior subluxation is measured according to the scapula method, in
which the scapular axis is drawn from the medial border of the scap-
ular body to the middle of the glenoid, and the head subluxation is
measured relative to that line.!" The Glenosys automation has been
described and validated.'**"** The evaluators could scan the entire-
ty of the glenoid when making their decisions.

Three different evaluators used the Glenosys software system to
examine 2D axial CT images reformatted perpendicular to the plane
of the scapula first using the original classification. After a 1-week
interval, the same evaluators repeated the exercise, but incorporated

Retroversion

s
T Start glenoid planning

Inclination Sup

the updated A2, B3, and D glenoid criteria. Repeat examinations
using the original classification and the modified classification were
performed 1 and 2 weeks later, respectively, for a total of 4 catego-
rizations per evaluator. The repeat evaluations permitted an assessment
of intraobserver reliability. The 3 evaluators were 3 fellowship-
trained shoulder surgeons. Before starting the first series of
assessments, the 3 evaluators (M.B., K.K., and M.Y.) and the senior
author met to discuss the definitions of the original and modified
classification systems. Written detailed explanations were provid-
ed to each evaluator to ensure any variabilities were not due to
misunderstandings of the classifications.

Statistical analysis was performed using MedCalc Statistical Soft-
ware 15.11.3 (MedCalc Software bvba, Ostend, Belgium). We
calculated x coefficients for interobserver and intraobserver
reliabilities. Two data sets were used: set [—classification with orig-
inal Walch classification (ie, Al, A2, B1, B2, and C); and set
II—classification with modified Walch classification (ie, A1, updated
A2, B1, B2, B3, C and D). Conventionally, a ¥ of 0 to 0.2 indi-
cates slight agreement; 0.21 to 0.4 indicates fair agreement; 0.41
to 0.6 indicates moderate agreement; 0.61 to 0.80 indicates sub-
stantial agreement; and >0.81 indicates nearly perfect agreement.

Results

In set I (ie, the original Walch classification), the interobserver
K value between observer 1 and 2 was 0.446 (moderate agree-
ment), 0.383 (fair agreement) between observer 1 and 3, and
0.345 (fair agreement) between observer 2 and 3. In set II
(ie, the modified Walch classification), the interobserver K value

Subluxation (%)

[ ] ”
“ ( Start humerus planning

Deny CT-5can Measures

Figure 3
ation estimates.

Screenshot of the Glenosys software system (Imascap, Brest, France) demonstrates its ability to provide version and sublux-
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Table I  Interobserver reliability
Data set Observer 1:2 Observer 1:3 Observer 2:3 Average
I Original Walch classification, x 0.446 0.383 0.345 0.391
Agreement Moderate Fair Fair Fair
I Modified Walch classification, K« 0.776 0.662 0.671 0.703
Agreement Substantial Substantial Substantial Substantial
Table II  Intraobserver reliability
Data set Observer 1 Observer 2 Observer 3 Average
I Original Walch classification, x 0.624 0.629 0.558 0.604
Agreement Substantial Substantial Moderate Moderate
I Modified Walch classification, k 0.884 0.861 0.9 0.881666667
Agreement Nearly perfect Nearly perfect Nearly perfect Nearly perfect

between observer 1 and 2 was 0.776 (substantial agree-
ment), 0.662 (substantial agreement) between observer 1 and
3, and 0.671 (substantial agreement) between observer 2 and
3. The average interobserver K value was 0.391 (fair agree-
ment) in set I and was 0.703 (substantial agreement) set 11
(Table I).

The intraobserver x values for the 3 observers in set I were
0.624, 0.629 and 0.558, with an average value of 0.604. This
average value indicates an overall moderate level of agree-
ment. The intraobserver k values in set II were 0.884, 0.861,
and 0.9, with an average value of 0.882. This suggests a nearly
perfect average intraobserver agreement (Table II).

In the original classification, there were 32 instances of
129 in which all 3 observers agreed in all assessments. Spe-
cifically, they agreed on 16 B2 glenoids, 11 A2 glenoids, 3
B1 glenoids, and 2 C glenoids. With the modified classifi-
cation system, there were 70 instances of 129 in which all 3
observers agreed in all assessments. They agreed on 21 B3
glenoids, 20 B2 glenoids, 13 A2 glenoids, 12 D glenoids, 3
Al glenoids, and 1 C glenoid. The observers never agreed
on a B1 glenoid entirely in the modified classification systems.
A full summary of all evaluations is provided in the Appendix.

Discussion

Walch et al" introduced their description of the morpholo-
gy of arthritic glenoids in 1999. It has since become the most
common classification used to describe glenoids in the setting
of shoulder replacement. Although a classification system
should ideally have good reproducibility among orthopedic
surgeons, mixed results have been reported when indepen-
dently evaluating the Walch classification for interobserver
and intraobserver agreement.'*'>!” Furthermore, as experi-
ence with shoulder replacements has grown, undescribed
glenoid morphologies have since been identified that occur
with regular frequencies.

Our data reveal improvement in both the intraobserver and
interobserver reliability of the Walch classification with the

mentioned modifications when using 3D reconstructions. Of
note, in this study we did not compare the reliability of the
classifications when using 2D CT scans vs. 3D reconstruc-
tions because 3D reconstructions have already been determined
to be more reliable.'*'*'®* When using the original classifi-
cation, our observers had an average interobserver agreement
of 0.446, which is “moderate.” This is slightly worse than the
results reported by Kidder et al'” and Nowak et al,”” who re-
ported interobserver reliabilities of 0.600 and 0.508, respectively,
but improved over Scalise et al'” who reported interobserver
reliability of only 0.37. When using the modified Walch clas-
sification, our observers had an average x value of 0.776, which
is “substantial” and the best reported thus far.

When our study looked at intraobserver reliability, there
was a similar improvement when going from the original
Walch classification to the modified one. Again, our results
were worse than those of Kidder et al'” and Nowak et al'> at
0.604 compared with 0.87 and 0.611, but were better than
those reported by Scalise et al'” at 0.34. After incorporation
of the modified criteria, our observers demonstrated an average
intraobserver reliability of 0.882. Again, these suggest “sub-
stantial” agreement and are the best-reported values among
current studies.

The most commonly identified “new’” morphology is the
B3 concave glenoid with posterior bony wear and severe patho-
logic retroversion or posterior subluxation, or both. This
represents the arthritic glenoid with severe pathologic retro-
version and posterior wear without biconcavity that is not
caused by dysplasia. We believe the formation of the B3
glenoid occurs via 1 of 2 mechanisms. The B2 glenoid may
convert into a B3 as increased erosion completely destroys
the paleoglenoid. Alternatively, persistent posterior sublux-
ation may preferentially erode the posterior glenoid, leading
to significant retroversion without an interval biconcave period.
The development of anterior osteophytes also contributes to
the retroverted appearance of the B3 in either situation. This
is a problematic morphology to classify using the original
Walch classification. Upon review of the reports by Kidder
et al, ' Nowak et al'® and Scalise et al,' it was most likely
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inappropriately characterized as a C due to the severe retro-
version or as an A2 due to the lack of a biconcave appearance.
The modifications to the classification help avoid these po-
tential areas of disagreement.

Accurately and reliably classifying glenoids has impor-
tant clinical implications. An appreciation for excessive
retroversion and posterior bone loss, for example, is neces-
sary because these factors can portend suboptimal outcomes.
After monitoring a series of 66 shoulders radiographically and
clinically for at least 2 years, Ho et al’ showed that preop-
erative retroversion and postoperative retroversion correlated
with increased lucency around the glenoid central peg and
higher Lazarus grades of component loosening. Although the
clinical importance of osteolysis is still up for debate, Walch
et al’' reported revision rates of 16.3% in patients who re-
ceived shoulder arthroplasties in the setting of a biconcave
glenoid. Others have determined that higher degrees of ret-
roversion may lead to increased peg perforation.>**!* Having
an easily reproducible method of classification aids the surgeon
in preoperative planning to recognize potentially trouble-
some morphologies. Furthermore, a reliable classification
system also aids research because a common language among
surgeons facilitates the appropriate interpretation of results
and comparisons between studies.

The addition of the B3 glenoid to the classification allows
the surgeon to differentiate between cases with and without
excessive retroversion and humeral head posterior sublux-
ation in a way not possible with the original classification.
The future will tell if this is important, as 3D technology pro-
vides improved measurements of glenoid version and humeral
head subluxation and these values can be correlated to ra-
diographic loosening and clinical outcomes. In our opinion,
the D glenoids cannot be treated with standard arthroplasty
because they are at greater risk of prosthetic anterior insta-
bility. We were unable to find any publications related to
anteverted glenoids at the time this report was written, and
much research needs to be performed to validate these theo-
ries. The improvement of the classification system presented
here allows for more accurate comparisons between studies
so that this research can be done.

One potential weakness of this report pertains to the re-
producibility of these results, because 3D reconstructions
are required but have yet to become commonplace and
available to all surgeons. We believe, however, that 3D re-
constructions will become the standard of care going forward
because the benefits of 3D reconstruction are not simply ac-
ademic but may lead to better clinical results.’*

Another potential weakness of the study is that the glenoids
were evaluated 4 times in 4 weeks. There was concern ini-
tially that this could lead to the evaluators remembering certain
glenoids and affecting the intrarater results. Although pos-
sible, the large number of glenoids included made recall
difficult and minimized this bias.

Also, because all classifications were discussed before the
study, awareness of the modified classification system could
have biased evaluation of the original system. This was done

because discussing the modified system after the first eval-
uation of the original classification may have diminished the
intraobserver reliability of that classification.

Finally, having an unequal amount of each glenoid type
potentially skews the results, thereby affecting the valida-
tion scores obtained. Lastly, although equal numbers of all
classifications would be ideal, this was not the case because
some types (eg, the type C and type D) are much less fre-
quent than others. Had we used the maximum number of our
least frequent glenoid type as a cutoff, we would have had
fewer numbers of comparisons overall. We felt that having
a higher number was preferable to have better statistical power
of our evaluations.

Conclusion

When 3D reconstructions of the scapula and the modi-
fied Walch classification described here are used, improved
interobserver and intraobserver reliabilities are obtained.
The surgeon should be aware of this classification during
his or her preoperative planning because clinical and ra-
diologic results may vary according to the glenoid
classification. Further research needs to be completed to
determine the specific treatment regimens required for each
category and to compare the results of anatomic and reverse
shoulder arthroplasty for each type of glenoid.

Disclaimer

Gilles Walch receives personal fees in the form of royal-
ties from Tornier and has equity in Imascap. Neither Tornier
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The other authors, their immediate families, and any re-
search foundations with which they are affiliated have
not received any financial payments or other benefits
from any commercial entity related to the subject of this
article.
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Supplementary data to this article can be found online at
doi:10.1016/j.jse.2016.03.010.
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The reverse shoulder arthroplasty angle: a new
measurement of glenoid inclination for reverse
shoulder arthroplasty
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Background: Avoiding superior inclination of the glenoid component in reverse shoulder arthroplasty
(RSA) is crucial. We hypothesized that superior inclination was underestimated in RSA. Our purpose
was to describe and assess a new measurement of inclination for the inferior portion of the glenoid
(where the baseplate rests).

Methods: The study included 47 shoulders with rotator cuff tear arthropathy (mean age, 76
years). The reverse shoulder arthroplasty angle (RSA angle), defined as the angle between the
inferior part of the glenoid fossa and the perpendicular to the floor of the supraspinatus, was
compared with the global glenoid inclination (B angle or total shoulder arthroplasty [TSA]
angle). Measurements were made on plain anteroposterior radiographs and reformatted 2-
dimensional (2D) computed tomography (CT) scans by 3 independent observers and compared
with 3-dimensional (3D) software (Glenosys) measurements.

Results: The mean RSA angle was 25° £ 8° on plain radiographs, 20° + 6° on reformatted 2D CT
scans, and 21° &£ 5° via 3D reconstruction software. The mean TSA angle was on average 10° £ 5°
lower than the mean RSA angle (P <.001); this difference was observed regardless of the method of
measurement (radiographs, 2D CT, or 3D CT) and type of glenoid erosion according to Favard. In
Favard type E1 glenoids with central concentric erosion, the difference between the 2 angles was 12°
+ 4° (P <.001).

Conclusion: The same angle cannot be used to measure glenoid inclination in anatomic and reverse
prostheses. The TSA (or ) angle underestimates the superior orientation of the reverse baseplate in
RSA. The RSA angle (20° £ 5°) needs to be corrected to achieve neutral inclination of the baseplate
(RSA angle = 0°). Surgeons should be aware that E1 glenoids (with central erosion) are at risk for
baseplate superior tilt if the RSA angle is not corrected.

The Ethical Committee of the University Institute of Locomotion & Sports *Reprint requests: Pascal Boileau, MD, PhD, University Institute of
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Implantation of a reverse shoulder arthroplasty (RSA)
with superior tilt of the baseplate is associated with an
increased rate of complications.'*'®'**>?%° Superior incli-
nation of the baseplate increases the stresses at the implant-
bone interface while leading to impingement between the
inferior humeral polyethylene insert and scapula
pillar,"* causing medial polyethylene wear, scapular notching,
and eventual glenoid implant loosening.'®'?*°2%*° In addi-
tion, superior inclination of the baseplate has been shown
to be associated with decreased shoulder range of
motion.””** Although there is much debate about the best
way to correct this superior glenoid inclination, it is critical to
implant the baseplate in at least neutral inclination.""'** The
optimal position of the reverse baseplate is inferior on the
glenoid and without superior tilt, in an attempt to optimize
impingement-free range of motion while avoiding scapular
notching and glenoid loosening.™®'#20-31-32:33

Glenoid inclination, as described by Hughes et al”’ and
Maurer et al,”’ is commonly thought to be the angle between
the floor of the supraspinatus fossa and the glenoid fossa
line: the B angle. From a surgical standpoint, the  angle is
useful when planning the implantation of a total shoulder
arthroplasty (TSA), as it represents the global glenoid
inclination.””*?”  However, although a TSA glenoid
component occupies the entire glenoid, most reverse base-
plates are implanted on the lower part of the glenoid surface
to provide optimal deltoid tension and avoid inferior
scapular impingement.”” Furthermore, although the B angle
is appropriate to measure glenoid component inclination in
TSA, it is not relevant to the RSA baseplate. In other words,
given that each prosthesis (TSA and RSA) has a different
position on the glenoid, the assessment of glenoid inclination
for each prosthesis should be considered separately (Fig. 1).

Therefore, the purpose of this study was to describe and
validate a new method for measuring the inclination rele-
vant to the reverse prosthesis in the inferior half of the
glenoid for use in both plain radiography and computed
tomography (CT) to avoid superior tilt in RSA. The RSA
angle was defined as the angle between a line along the
inferior part of the glenoid fossa and a line perpendicular to
the floor of the supraspinatus fossa, whereas the TSA angle
(or B angle) was defined as the angle between the global
glenoid fossa and the perpendicular to the floor of the
supraspinatus fossa (Fig. 2). We hypothesized that (1)
the RSA angle would reliably and accurately measure the
inclination relevant to the reverse prosthesis on plain ra-
diographs and CT scans and (2) preoperative measurement

of glenoid inclination over the entire glenoid surface (TSA
angle or B angle) would underestimate the potential supe-
rior inclination of the RSA baseplate and, therefore, the
amount of correction required for implantation in neutral
inclination.

Materials and methods
Patient population

The study included 47 shoulders (47 patients) with a diagnosis of
rotator cuff tear arthropathy (CTA). Informed consent was ob-
tained from all patients. The exclusion criteria included CT scans
that did not contain the entire scapula before surgery and lack of
preoperative radiographs. The mean age was 76 years (range, 50-
93 years), with 28 male and 19 female patients. The study
included 31 right and 16 left shoulders. The Favard
classification,”® as agreed on by 4 shoulder surgeons, included 12
type EO, 12 type El, 6 type E2, and 17 type E3 glenoids. No
patients had type E4 glenoids.

Radiographic parameters

Similarly to the B angle proposed by Maurer et al,>’ the supraspinatus
fossa line was used as the reference.”” The landmark used for the
measurements was based on the sclerotic line of the supraspinatus
fossa, visible on plain radiographs and CT scans.”’ Positive values of
angles represent superior glenoid inclination, whereas negative values
represent inferior glenoid inclination.

The TSA angle is relevant to TSA and uses the entire glenoid
fossa line,” from the superior aspect of the fossa (T) to the inferior
aspect of the fossa (S). This measurement is a modification of the
B angle designed to obtain a more accurate description of su-
perior inclination. The TSA angle is calculated by the angle be-
tween the line from T to S and the line from S to A (Fig. 2, A).

The RSA angle was developed to measure the inclination of
the inferior portion of the glenoid, which corresponds to the area
in which the glenoid component of an RSA is implanted. On a true
anteroposterior (AP) radiograph of the shoulder and on a 2-
dimensional (2D) CT scan, the line on the supraspinatus fossa and
3 points were drawn: Point S represents the inferior border of the
glenoid, point R represents the intersection of the supraspinatus
fossa line with the glenoid surface, and point A represents the
vertex of the right triangle created by the line of the supraspinatus
fossa and a perpendicular line passing through point S; line RS
(inferior surface of the glenoid) is the hypotenuse of the right
triangle (Figs. 2, B, 2 C).

Plain radiographs with multiple views were obtained in all
the included patients, and the measurements were performed
on the true AP image with the beam perpendicular to the
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RSA angle

GLOBAL inclination

Figure 1

INFERIOR inclination

(A) Traditional measurement of glenoid inclination (8 angle) considers the entire glenoid fossa and is relevant when planning a

total shoulder arthroplasty (7SA). (B) However, because most reverse baseplates are in contact with only the inferior aspect of the glenoid,
measurement of the inclination in the inferior half of the glenoid is needed when planning a reverse shoulder arthroplasty (RSA).

Figure 2

Measurements of total shoulder arthroplasty (TSA) angle (A) and reverse shoulder arthroplasty (RSA) angle (B) on plain

anteroposterior radiographs. The RSA angle was defined as the angle between the inferior part of the glenoid fossa and the perpendicular to
the floor of the supraspinatus fossa. The TSA angle is a variation of the B angle. The difference between the TSA and RSA angles is

represented by the RST angle (C).

glenoid fossa. Two-dimensional CT scans were obtained that
included the entire body of the scapula, with coronal views
aligned in the plane of the scapula. All native CT scan
DICOM (Digital Imaging and Communications in Medicine)
series were loaded into 3-dimensional (3D) validated analysis
software (Glenosys; Imascap, Plouzané, France). The software
provided a fully automatic complete 3D reconstruction of the
scapula with automatic measurements of the TSA and RSA
angles.”!7%%

Radiographic and CT analysis

The measurement of the RSA and TSA angles on the plain ra-
diographs was performed with a specialized goniometry software

program (OsiriX, version 5.6, 32-bit format; Pixmeo, Bernex,
Switzerland). On the 2D CT scans, the angles were measured
using this same software in the multiplanar reconstructions in the
plane of the scapula on coronal images. Finally, a 3D CT recon-
struction software program (Glenosys) was used to automatically
detect the plane of the scapular body; it then uses an algorithm to
calculate the glenoid inclination according to set parameters.”'”**
To determine this angle, the best-fit sphere model is adjusted to the
glenoid surface; then, the angle between the glenoid sphere
centerline and the scapular plane is determined and projected onto
the scapular body plane.”® The supraspinatus fossa line, defined in
3D as the best-fit line in the deepest part of this fossa, was used as
a reference line.”’

Three independent observers measured these angles on plain
AP radiographs and CT scans. Inter-rater reliability was assessed
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by performing the measurements within an interval of 4 weeks.
The differences between RSA and TSA angles were then calcu-
lated for each glenoid type. These measurements were compared
with 3D measurements obtained from previously validated soft-
ware (Glenosys).

Statistical analysis

The reproducibility of the RSA and TSA angles, measured on ra-
diographs and on 2D CT scans, was analyzed by calculating the
intraclass correlation coefficient (ICC) and 95% confidence interval
(CI) of the mean difference among 3 observers (M.-O.G., G.C., and
M.C.). The ICC and 95% CI were calculated between the 2 ana-
lyses performed at 2-week intervals by a single observer (M.-O.G.)
to assess the intraobserver reliability. Descriptive statistics were
used for the remainder of the analyses. Comparisons between
different measurements had a normal distribution and therefore
were analyzed for significance using the unpaired Student 7 test.
The accuracy of the RSA and TSA angles on radiographs and on
2D CT scans was assessed by comparing these measurements with
the automatic 3D measurements, which were considered the gold
standard. Statistical significance was set at P < .05. All statistical
analysis was performed with MedCalc Statistical Software (version
12.0; MedCalc Software, Ostend, Belgium).

Results
Glenoid inclination: TSA angle versus RSA angle

Measurements of glenoid inclination for the TSA angle and
RSA angle are presented in Table I. By use of the 2D and
3D measurements, the mean RSA angle was 20° +
5° (Fig. 3). Regardless of whether the measurements were
obtained on plain radiographs, on 2D CT scans, or via 3D
CT software reconstruction, the RSA angle was approxi-
mately 10° more than the TSA angle (P < .001). For both
the RSA and TSA angles, plain radiographs estimated
approximately 5° higher inclinations than CT scans.

Glenoid inclination: Favard classification

The shoulders were grouped according to the Favard
classification.”® The Favard classification describes the
most common patterns of glenoid erosion attributed to
CTA, with varying degrees of erosion from absent (EO) to
central concentric (E1), eccentric superior (E2 and E3), and
inferior (E4) erosion. As demonstrated in Tables I and II,
TSA angles were on average 10° £ 5° lower than RSA
angles (P < .001), regardless of the type of glenoid erosion
according to the Favard classification. In particular, in
Favard type El glenoids with central concentric erosion,
the difference was 12° & 4° (P <.001). Figure 4 shows 3D
measurements of RSA and TSA angles according to gle-
noid type, whereas Figure 5 demonstrates how a Favard
type El glenoid (with concentric erosion) is at risk of su-
perior baseplate tilt. The Favard types were similar when

Table I  Glenoid inclination measurements for each method
(N = 47)

Radiographs 2D CT 3D CT
TSA angle, ° 16 £ 6 11+5 12+6
RSA angle, ° 25+ 8 206 20+5

RSA angle - TSA angle, ° 9+7 10 + 3 8+ 4

2D, 2-dimensional; 3D, 3-dimensional; (T, computed tomography;
TSA, total shoulder arthroplasty; RSA, reverse shoulder arthroplasty.

the differences in the angles were compared between plain
radiographs and 2D CT scans.

Reproducibility

The interobserver reliability between the various measure-
ments is presented in Table III. Concordance of measure-
ments made by the different observers showed substantial
agreement between the plain radiographs and the 2D CT
scans for the measures of TSA and RSA angles. The 3D
reconstruction software was fully automated. Concordance
of measurements made for the intraobserver reliability
showed almost perfect agreement, with ICCs of 0.78 (95%
CI, 0.75-0.81) for radiographs and 0.86 (95% CI, 0.84-
0.86) for 2D CT scans. We found no significant difference
in intraobserver or interobserver reliability according to
different Favard glenoid types.

Accuracy

The accuracy (compared with the 3D CT re-
constructions) of plain radiographs in measuring TSA
and RSA angles was 70% and 67%, respectively,
whereas the accuracy of 2D CT scans in measuring TSA
and RSA angles was 73% and 82%, respectively. We
found no significant difference in accuracy according to
different Favard glenoid types.

Discussion

Avoiding superior inclination of the glenoid component in
RSA is crucial, given its association with the increased risk
of component loosening, scapular notching, and decreased
range of motion.”**%*7*" Whereas traditional measure-
ments of glenoid inclination (B angle or TSA
angle) consider the entire glenoid fossa,””’ most RSA
baseplates are in contact with only the inferior aspect of the
glenoid. In this study, we describe and address a new
measurement of the inferior portion of the glenoid: the RSA
angle (Fig. 2). Our study findings confirm our first hy-
pothesis that this angle provides a reliable and reproducible
measure of the inclination of the inferior portion of the
native glenoid. By use of 2D and 3D reconstruction soft-
ware (Glenosys), the average RSA angle was measured to
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RSA angle = 20+5°

Correction needed to
be orthogonal to the
suprasffihatus fossa line
for'E1, E2 and E3 glenoids

(A) Two-dimensional computed tomography scan cut showing the difference (about 10° on average) between the total shoulder

arthroplasty (7SA) and reverse shoulder arthroplasty (RSA) angles. (B) The mean RSA angle, measured on 2- and 3-dimensional computed
tomography scans, was 21° £ 5°, which represents the angle that needs to be corrected to place the baseplate orthogonal to the supra-

spinatus fossa line.

Table II

Measurements of glenoid TSA and RSA angles by glenoid Favard type: radiographs, CT scans, and 3D CT analysis (N = 47)

Favard type Radiographs CT scans

3D CT analysis

TSA angle, ° RSA angle, °

TSA angle, °

RSA angle, ° TSA angle, ° RSA angle, °

EO (n=12) 11+ 4 (4to 18) 20 + 6 (14 to 28)
E1 (n = 12) 17 + 4 (11 to 24) 25 + 11 (2 to 38)
E2 (n=6) 23+6(16t033) 27 + 5 (5 to 20)

E3 (n = 17) 17 + 6 (11 to 29)

8 + 4 (3 to 15)
9+ 4 (3to17)
19 + 6 (12 to 29) 28 + 4 (24 to 36) 22 & 5 (16 to 27) 26 + 8 (14 to 39)
29 + 7 (21to 41) 12 + 5 (4 to 20)

16 + 4 (11 to 25) 8 + 3 (3 to 14)
19 + 5 (12 to 28) 9 =+ 3 (4 to 14)

16 + 3 (12 to 20)
21 + 5 (15 to 30)

23+ 4 (12 to 31) 14 + 3 (9 to 20) 22 + 4 (14 to 30)

TSA, total shoulder arthroplasty; RSA, reverse shoulder arthroplasty; CT, computed tomography; 3D, 3-dimensional.
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Figure 4 Three-dimensional measurements of RSA angles according to glenoid type (A). Three-dimensional measurements of TSA
angles according to glenoid type (B). Three-dimensional measurements of the difference between RSA and TSA angles according to
glenoid type (C). Notice the large difference between TSA and RSA angles in El glenoids.

be 21° £ 5° in a series of 47 patients with CTA. This im-
plies that when planning preoperatively to perform an RSA
procedure in a patient with CTA, between 15° and 25° of
superior inclination will need to be corrected to achieve
neutral inclination of the baseplate and sphere.

The TSA angle is a modification of the 8 angle, which
provides a measure of the global inclination of the glenoid
surface and is useful for planning in TSA. Comparing the
RSA and TSA angles, we found that, regardless of the
methodology used for measurements (radiographs or 2D or
3D CT scans), the RSA angle consistently measured on
average 10° + 5° more than the TSA angle. In other words,
the inclination of the inferior half of the glenoid (where the

reverse prosthesis is optimally implanted) in a patient with
CTA is on average 10° superior to the inclination of the
entire glenoid fossa. These results confirm our second hy-
pothesis: Preoperative measurement of glenoid inclination
over the entire glenoid surface (TSA angle or B angle)
underestimates the superior orientation of the reverse
baseplate and the amount of correction required in RSA.
The Favard classification describes the most common
patterns of glenoid erosion attributed to CTA in the coronal
or superior-inferior plane,”® with no erosion (E0) or varying
degrees of concentric central (E1), eccentric superior (E2
and E3), and inferior (E4) erosion. We did not find sig-
nificant differences between different glenoid types
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i X
EO E2 E3
u Glenoid "at risk" for Baseplate superior inclination
Figure 5 Correction of reverse shoulder arthroplasty angle according to Favard classification. The Favard type El glenoid (with

concentric erosion) is at risk of superior baseplate tilt and is a trap for the surgeon.

Table III  TSA and RSA interobserver analysis from radiographs and CT scan series (N = 47)
Radiographs CT scans
TSA angle, ° RSA angle, ° TSA angle, ° RSA angle, °
Observer 1
Mean + SD 16 £ 6 25 + 8 11+6 21+ 6
Range 4 to 33 —2 to 41 3 to 29 11 to 36
Observer 2
Mean + SD 13 £5 24 + 7 11 £ 4 23 £ 6
Range 3 to 23 10 to 38 2 to 23 14 to 35
Observer 3
Mean + SD 14 £ 5 22 +7 11+£5 20 £ 7
Range —3 to 26 2 to 38 0 to 19 1to 33

ICC (95% CI) 0.59 (0.54 to 0.63)

0.62 (0.58 t0 0.65)

0.71 (0.68 to 0.74) 0.75 (0.72 to 0.77)

TSA, total shoulder arthroplasty; RSA, reverse shoulder arthroplasty; C7, computed tomography; SD, standard deviation; ICC, intraclass correlation

coefficient; CI, confidence interval.

regarding the RSA angle’s measurement on 3D CT scans
(Fig. 4). One important note is that even in the absence of
glenoid erosion (EQ) or presence of central erosion of the
glenoid (E1), correction of the RSA angle is required to be
able to implant the baseplate in a neutral position. From a
surgical standpoint, surgeons should pay particular atten-
tion to a central concentric glenoid erosion (Favard type
El), in which the “RSA angle” measures around 20° to 25°
and the risk of baseplate implantation with a superior tilt is
underestimated when using the TSA (or B) angle.
Although the optimal method to correct superior incli-
nation of the glenoid in RSA is controversial, it is critical to
correct it back to neutral and avoid superior tilt of the
baseplate.'""'**> The supraspinatus fossa line is a consistent
reference line to measure glenoid inclination because the
sclerotic line of the supraspinatus fossa line is visible on

true AP radiographs and 2D CT scans. Moreover, from a
biomechanical point of view, the supraspinatus fossa line
indicates the line of action of the rotator cuff
muscles.”” Therefore, the goal of preoperative planning in
RSA should be to obtain an RSA angle measurement
close to 0° (ie, to implant the baseplate in neutral inclina-
tion): In such a configuration, the vectors of the remaining
cuff muscles are orthogonal and potentially more
efficient.' ">

Many techniques have been described to correct the
superior glenoid inclination when performing an
RSA.”>' One of the more common techniques involves
eccentric reaming inferiorly (to obtain the subchondral
“smiley face’), with an inferiorly angled guide pin.
However, correction of a large amount of superior incli-
nation may require reaming of a large amount of native
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Figure 6 Preoperative 2-dimensional computed tomography templating in a patient with rotator cuff tear arthritis and Favard type El
glenoid erosion: (A, B) Implantation of the baseplate according to the TSA (B) angle leads to superior tilt of the glenosphere. (C, D) To
ensure neutral tilt of the glenoid component (ie, to correct the RSA angle), eccentric inferior reaming of the native glenoid is needed, but this
leads to compromise of the bone stock and medialization of the glenosphere. (E, F) Compensating for the superior inclination of the inferior
portion of the glenoid with metal (superior augmented metal baseplate) or bone graft allows correction of the RSA angle while avoiding
medialization of the glenosphere. TSA, total shoulder arthroplasty; BIO-RSA, bony increased offset-reverse shoulder arthroplasty.

RSA angle = 30°

Figure 7

RSA angle = 0°

Use of BIO-RSA to lateralize and correct superior glenoid inclination: (A) Asymmetrical inferior reaming combined with an

inferiorly angled bone graft, harvested from the humerus with an angled cutting guide, is used to achieve neutral inclination of the baseplate
and glenosphere (ie, to correct the RSA angle). (B, C) Preoperative and postoperative radiographs demonstrate correction of the reverse
shoulder arthroplasty (RSA) angle with neutral tilt of the baseplate and sphere after angled BIO-RSA.

bone that potentially compromises the bone stock and will
medialize the glenoid component. Dilisio et al'' demon-
strated that when correcting glenoid superior inclination,
the subchondral smile reaming technique or the use of a 10°
cannulated guide pin does not correct glenoid inclination
reliably. Excessive medialization of the center of rotation
(from excessive inferior glenoid reaming) can lead to
prosthetic instability, scapular notching, glenoid loosening,
and decreased mobility.*”'" Instead, we suggest the need
for component augmentation, including either a superior
augmented baseplate’™~” or an inferiorly inclined bone

graft."" In fact, 3 surgical options can be used to correct
the superior inclination of the inferior part of the glenoid
and obtain neutral inclination of the baseplate (RSA angle,
0°) without medialization of the baseplate: (1) metallic
superior augmented baseplate, (2) inferiorly inclined bone
graft, or (3) patient-specific baseplate.

In our surgical practice, our preference is to use an
angled bone graft harvested from the proximal humerus
(BIO-RSA technique) for all cases except when the prox-
imal humerus is not available (humeral head necrosis) or in
revision cases in which we use an augmented baseplate or
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Figure 8 (A-C) Screenshots show output provided by 3-dimensional software (Blueprint TM, Wright-Tornier), which provides global
glenoid inclination (TSA = 12°) and inferior glenoid inclination (RSA angle = 20°). Use of an angled BIO-RSA allows one to obtain neutral

inclination of the baseplate and glenosphere (in adddition to lateralization).
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allograft.">*'%!% Advantages of the BIO-RSA technique
include the flexibility to reconstruct multiplanar deformity
(inclination and retroversion) and the low morbidity of the
“in situ” bone graft harvesting”**~* (Figs. 6 and 7). This
technique requires the use of a longer central peg or screw
(25-30 mm) to provide full purchase in the glenoid vault
and compression of the graft.*

Preoperative planning is essential for proper assessment
of glenoid erosion and placement of the reverse baseplate
tilt. From a surgical standpoint, the RSA angle is useful to
ensure a neutral tilt of the glenoid component. By use of 2D
or 3D planning, this allows measurement of the thickness
and the angle of the bone graft or augmented baseplate
needed. One example includes the Blueprint TM (Wright-
Tornier) 3D software program, which enables a thorough
assessment of glenoid inclination by showing both the
global inclination (TSA angle) and the inferior glenoid
inclination (RSA angle). This type of preoperative planning
software allows the surgeon to anticipate the angulation,
dimensions, and shape of the bone graft or metallic
augmentation to correct the glenoid inclination and avoid
superior tilt of the glenoid component (Fig. 8).

This study’s findings should only be considered in light
of its limitations. Although measurements using AP ra-
diographs slightly overestimated glenoid inclination, this
was likely secondary to incomplete visualization of the
supraspinatus fossa line on some of the radiographs that
were cut medially. The small number of patients with each
specific Favard subtype limits the ability to perform any
subgroup analyses within specific types. Furthermore,
although rotator cuff arthropathy is the most common pa-
thology of glenoid erosion, another limitation is that our
study was limited to these patients. Future investigations
into other pathologies associated with superior inclination
are warranted to broaden the clinical translation of these
findings. Nonetheless, the results of this study indicate that
the RSA angle can be reproducibly used to assess baseplate
inclination on both preoperative radiographs and refor-
matted 2D CT scans or with the help of 3D software.
Further prospective clinical investigations will be necessary
to determine whether correction of the RSA angle translates
into improved outcomes, as well as to determine its role in
patient-specific guides or components.

Conclusion

This study demonstrates that (1) preoperative measure-
ment of glenoid inclination over the entire glenoid sur-
face (TSA angle or B angle) underestimates the superior
orientation of the reverse baseplate and the amount of
correction required and (2) the RSA angle provides a
reliable measure of the inclination of the inferior portion
of the native glenoid, where the glenoid component is
optimally implanted. This angle, which on average is

20° &+ 5° in CTA, needs to be corrected to obtain neutral
inclination of the baseplate (RSA angle = 0°). This can
be done through inferior glenoid reaming (but at the risk
of implant medialization) and/or superior augmentation
with bone graft or metal augment. Surgeons should pay
particular attention to central concentric glenoid erosion
(Favard type E1), as the risk of baseplate implantation
with a superior tilt is underestimated with the TSA (or )
angle in these patients.
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B SHOULDER AND ELBOW

Patient-specific glenoid guides provide
accuracy and reproducibility in total

shoulder arthroplasty

Aims

Patient-specific glenoid guides (PSGs) claim an improvement in accuracy and reproducibility
of the positioning of components in total shoulder arthroplasty (TSA). The results have not
yet been confirmed in a prospective clinical trial. Our aim was to assess whether the use of
PSGs in patients with osteoarthritis of the shoulder would allow accurate and reliable

implantation of the glenoid component.

Patients and Methods

A total of 17 patients (three men and 14 women) with a mean age of 71 years (53 to 81)
awaiting TSA were enrolled in the study. Pre- and post-operative version and inclination of
the glenoid were measured on CT scans, using 3D planning automatic software. During
surgery, a congruent 3D-printed PSG was applied onto the glenoid surface, thus

determining the entry point and orientation of the central guide wire used for reaming the
glenoid and the introduction of the component. Manual segmentation was performed on
post-operative CT scans to compare the planned and the actual position of the entry point
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(mm) and orientation of the component (°).

Results

The mean error in the accuracy of the entry point was -0.1 mm (standard deviation (sp) 1.4)
in the horizontal plane, and 0.8 mm (sD 1.3) in the vertical plane. The mean error in the
orientation of the glenoid component was 3.4° (sb 5.1°) for version and 1.8° (sp 5.3°) for

inclination.

Conclusion

Pre-operative planning with automatic software and the use of PSGs provides accurate and
reproducible positioning and orientation of the glenoid component in anatomical TSA.

Cite this article: Bone Joint J 2016;98-B:1080-5.

Appropriate positioning of the glenoid compo-
nent in total shoulder arthroplasty (TSA) is
crucial to avoid early loosening. Finite element
analyses have shown that there are biomechan-
ical changes that could significantly increase
the risk of loosening if it is introduced in > 10°
of retroversion.!

Intra-operatively, no definite reliable land-
marks are available to suggest an entry point
for the guidewire or appropriate orientation.
The accuracy of a surgeon making a visual
judgement is to within about 7.5°% and the
largest errors in version are seen during drilling
and reaming. Moreover, entry point precision
accuracy is about 3 mm (standard divation
(D) 2) in laboratory conditions and this is
dependent on the experience of the surgeon.’
This is particularly relevant as retroversion of
the glenoid is commonly seen in osteoarthritis.

It has been shown that the surgeon’s precision
decreases with increasing retroversion.*

Low reliability is associated with the use of
axillary radiographs, with glenoid retroversion
being over-estimated in > 85% of cases.’ The
measurement of glenoid version using CT
scans is inaccurate in the presence of as little as
1° of malalignment of the scapula in the coro-
nal or sagittal plane.® Moreover, minor rota-
tion of the scapula can alter the accuracy of the
measurement of glenoid version by up to 10°.”

Surgeons can use 3D planning to help deter-
mine the correct scapular plane. Manual deter-
mination of the anatomical plane of the
scapula is time consuming and not suitable for
use in clinical practice. The techniques which
have been described to assess it use few manu-
ally definable landmarks on the scapula.®1° It
is also difficult to assess the shape of the
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Fig. 1

Intra-operative use of the patient specific instrumentation. All soft tissues and cartilage
have been removed from the edge of the glenoid to provide good stability and congru-

ity for placement of the guide.

glenoid intra-operatively in patients with significant loss of
glenohumeral joint space, as in osteoarthritis.

The new fully automated pre-operative planning soft-
ware Glenosys (Imascap, Brest, France) gives reproducible
accurate results in the assessment of the shape of the gle-
noid."™2? There is no need to send Digital Imaging and
Communications in Medicine (DICOM) images to a com-
pany to be processed. The software provides a complete 3D
reconstruction of the scapula and allows measurements of
version and inclination of the glenoid, virtual implantation
of the glenoid component and generation of a patient-spe-
cific guide (PSG) allowing the introduction of a guide wire
in the correct position.

In this study, we used 3D CT imaging with novel
computer-modelling software in patients awaiting TSA to
measure the pre-operative, planned and post-operative ver-
sion and inclination of the glenoid component. The objec-
tives were to determine the mean error in version and
inclination and mean deviation of the position of the entry
point of the guide wire in relation to the planned parame-
ters.

Patients and Methods

A total of 17 patients from two centres with osteoarthritis
who were awaiting TSA were enrolled into the study. Their
demographic details are reported in Table I. CT scans
(Siemens Healthcare, Malvern, Pennsylvania) were under-
taken with the patient supine and the arm at the side in neu-
tral rotation. The acquisition parameters were 140 kV,
bone algorithm, 512 x 512 matrix, slice thickness (Z) < 1.5
mm, resolution (X, Y) < 0.5 mm, 200 mm to 300 mm field
of view to visualise the entire scapula, particularly the most
inferomedial aspect.

Glenosys software was used for pre-operative planning.
The different steps of its segmentation have been previously
described.'®'® The glenoid Walch type'* and the automati-
cally measured native glenoid version and inclination were
noticed by one of the authors (MOG). The two senior

VOL. 98-B, No. 8, AUGUST 2016

surgeons (GW: centre 1; PB: centre 2) planned the type and
position of the keeled glenoid component which was to be
used from the native DICOM series. The PSG for prepara-
tion of the glenoid was then ordered. The virtual models of
the glenoid and the guide were transmitted to Tornier (SAS,
Montbonnot, France) as a Standard Tessellation Language
(STL) file for 3D printing. The planning had to be under-
taken ten working days before the day of surgery.

In total, two 3D-printed components (Tornier SAS,
Montbonnot, France) with natural polyamide PA2200
resin (EOSINT P380 selective laser sintering machine; EOS
GmbH, Krailling, Germany) were received and sterilised
prior to surgery.

The PSG has a four-pin peripheral support, allowing the
surgeon to introduce it onto the glenoid with stability. It has
a central hole, through which a 2.5 mm titanium guide wire
is introduced.

The model of the glenoid is indented in four locations on
the periphery of the glenoid where the feet of the PSG sit,
and at another site for the entry point of the guide wire on
the native glenoid.

The deltopectoral approach was used in all patients. The
glenoid was exposed after the resection of the humeral head
and posterior displacement of the humerus. The labrum
and synovium were excised and any residual cartilage was
removed. Osteophytes were retained to match the 3D
model and thus allow precise seating of the PSG. The guide
wire was introduced and the PSG removed (Fig. 1). The gle-
noid was reamed with a powered reamer according to the
size and radius of the planned component. The depth was
not controlled.

The keeled glenoid component was introduced using the
technique developed by Gazielly'® and reported by Molé et al.'®

A specific artifact reduction protocol was used for the
post-operative CT scans. Metallic artifacts did not allow
the software to make a correct automatic segmentation of
the scapula as its algorithm is based on the density of
each pixel of the CT scan DICOM data. Consequently, all
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Fig. 2b Fig. 2c

Fig. 2d Fig. 2e Fig. 2f

Fig. 2g Fig. 2h

Steps to calculate the error between the planned and actual position of the glenoid: a) Glenosys’ automatic determination of the plane of the scapula
(yellow line) and glenoid (blue line) to calculate the native version and inclination from the pre-operative CT scans; b) Glenosys’ automatic segmen-
tation of the scapula (pre-op scapula); c) the surgeon’s planning of the position of the glenoid pre-operatively; d) design of the Patient Specific Guide;
e) manual segmentation of the scapula post-operatively including segmentation of the markers from the two metallic cylinders in the glenoid com-
ponent; f) result of the manual segmentation: ‘post-op scapula’ and ‘markers’ (in red); g) determination of the post-operative position of the glenoid
by applying the virtual glenoid component on the segmented markers; h) matching between the pre-operative (red) and the post-operative (yellow)
scapulae. As the two scapulae are strictly superimposed, the difference between the positions of the two glenoids (planned and implanted) is the
positioning error of the glenoid.

post-operative scans were loaded into the image processing create a 3D representation of two distinct objects (STL
software Amira (Visualisation Sciences Group, Burling- files): the object ‘post-op scapula’ and the object ‘mark-
ton, Massachusetts) to allow manual segmentation. This ers’ were retrieved having been made possible by the use
was done blindly (without knowledge of the pre-opera- of two cylindrical metallic markers in the keel of the
tive planning), slice by slice by an author (MOG) to component.
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Table I. Pre-operative demographic and glenoid data

Patient Centre Gender Age (yrs) Diagnosis Glenoid Walch Type Native glenoid (°)
Version Inclination

1 1 M 81 PGHOA B2 -13.0 -1.0
2 2 F 64 PGHOA B2 -11.0 0.0
3 2 M 75 PGHOA B2 -14.0 1.0

4 2 F 53 PGHOA B2 -12.0 1.0

5 2 F 66 PGHOA B2 -11.0 -4.0
6 1 F 73 PGHOA B2 -7.0 0.0

7 1 F 71 PGHOA A1 -6.0 0.0
8 1 F 73 PGHOA B2 -15.0 4.0

9 1 F 66 PGHOA A2 0.0 -3.0
10 1 F 65 RA None -12.0 -1.6
" 2 F 69 PGHOA A1l -5.0 7.0
12 2 F 64 PGHOA B2 -18.0 -1.0
13 2 M 79 PGHOA A1 -8.0 0.0
14 1 F 78 PTA None -16.0 0.0
15 2 M 77 PGHOA B2 -12.0 20.0
16 1 F 66 PGHOA B2 -25.0 6.0
17 2 F 81 PGHOA A1 -8.0 13.0

PGHOA, primary glenohumeral osteoarthritis; RA, rheumatoid arthritis; PTA, post traumatic osteoarthritis

Table Il. The differences in the orientation and position of the glenoid component

Entry point lateral  Entry point anterior Entry point superior

Version error (°) Inclination error (°) offset (mm) offset (mm) offset (mm)
Mean error 3.4 1.8 0.4 -0.1 -0.8
sd 5.1 5.3 0.9 1.4 1.3
Min -6.9 -7.3 -1.0 -2.1 -3.6
Max 14.1 1.8 1.7 3.2 1.8

SD, standard deviation

The final aim of this step was to compare the post-
operative position of the glenoid component with the pre-
operative planned position. The following objects were
loaded on to the software:

- the automatically segmented ‘pre-op scapula’ from the
Glenosys STL file;

- the manually segmented ‘post-op scapula’, and;

- the manually segmented ‘markers’.

Firstly, the ‘post-op scapula’ was manually superimposed
in a best-fit fashion onto the ‘pre-op scapula’. The land-
marks used were the coracoid, the acromion, the spine, and
the most inferomedial aspects of the scapula. The same
rotation matrix was then applied on the ‘markers’ object to
position it automatically. Finally, the glenoid component
was introduced in its actual position. The registration and
repeated measurements during this study had a mean error
in 3D of 0.54mm (sD 0.19 mm).

The steps involved in the calculation of the difference in
position between the planned and the implanted glenoid
component are shown in Figure 2.

A custom application was used to measure the differ-
ences between the planned and implanted positions. The
total offset was derived from the superoinferior and anter-
oposterior components, representing the coronal and sagit-
tal planes, respectively. The depth of the entry point on the
mediolateral axis was also measured even though it was not
controlled. Differences in inclination and version were

VOL. 98-B, No. 8, AUGUST 2016

measured reflecting differences in the angle of axis of the
component (the keeled axis) between the planned and
implanted orientation of the keel, projected onto the coro-
nal and transverse planes, respectively. Differences in
anteroposterior, superoinferior and lateral-medial offset
were expressed in millimetres, and those in inclination and
version were expressed in degrees.
Statistical analysis. All statistical analysis was performed
with MedCalc StatisticalSoftware version 12.0 (MedCalc
Software bvba, Ostend, Belgium). The absolute difference
between the measurements of the planned and the
implanted position of the component were compared using
Student’s #-test. The results were considered to be signifi-
cant at a p-value < 0.035.

The study had ethical approval and all patients gave
informed consent for the procedure.

Results
The pre-operative planning data of the 17 patients are
shown in Table L.

The mean error in 3D orientation of the glenoid compo-
nent was 0.9 mm (SD 2.1). The mean error in the angles of
version and inclination were 3.4° (SD 5.1°) and 1.8°
(SD 5.3°), respectively (Table II).

Quantitative analysis showed good agreement between
the pre-operative planning and the implanted position of
the component. A graphic representation of the planned
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Graphic representation (error distribution) of the planned and achieved
entry point of the guide wire on the surface of the glenoid.

versus the actual placement of the guide wire on the surface
of the glenoid is illustrated in Figure 3.

There was no relationship between the Walch type of gle-
noid and the accuracy of the positioning, and there were no
complications related to the use of the PSG during surgery.

Discussion
Precise and reliable implantation of the glenoid component
is a predictor of a good long-term outcome of anatomical
TSA in patients with glenohumeral osteoarthritis.”'” The
amount of erosion of the glenoid varies between patients,
and the positioning and orientation of the component can
be difficult. It may partly be determined by the experience
of the surgeon. However, it has been reported that 80% of
TSAs are undertaken by surgeons who perform less than
ten a year.!»!” The technical difficulties may also be
increased by two factors. Firstly, the intra-operative under-
standing and visualisation of the deformed glenoid is much
more difficult than that of normal anatomy; and secondly,
there are no reliable intra-operative landmarks.

Our study confirms our hypothesis. Pre-operative plan-
ning with computer-3D modelling software and the use of
PSGs provides greater accuracy and reproducibility of the

M. O. GAUCI, P. BOILEAU, M. BABA, J. CHAOUI, G. WALCH

positioning and orientation of the glenoid component in
anatomical TSA. The mean deviation of the position of the
entry point of the guide wire was < 1 mm in both the verti-
cal and the horizontal planes. The mean errors in inclina-
tion and version were about 2° and 3°, respectively.

This was a prospective study to test the accuracy of a
PSG which was 3D-printed from the Glenosys software in
daily clinical practice.

Although the results showed that the entry point in the
sagittal and coronal axis, and the direction in version and
inclination were accurate, they are worse, as expected, than
those obtained during iz vitro experimentation.'> The use
of the pre-operative planning system and the PSG should
provide better correction of version and inclination than
the surgeon can achieve without the guide, but a specific
study has yet to be performed to test this hypothesis.

The shape of the glenoid has no significant influence on
the accuracy of the guide. Optimal positioning of the guide
wire requires the humerus and deltoid to be retracted pos-
teriorly, and if this is not achieved, appropriate positioning
may not occur, particularly in patients with significant
pathological retroversion of the glenoid. Hendel et al?°
made this observation and described several contributing
factors. The segmentation produced by the Glenosys soft-
ware has been shown to be reliable and reproducible.!! It is
a fully automatic method and does not require a third com-
ponent. Good exposure of the glenoid and removal of all
soft tissues are important steps in allowing stable position-
ing of the four legs of the PSG. Osteophytes have to be con-
served in this technique, as they are not differentiated from
the native bone. Lastly, reaming was undertaken carefully
with respect to the direction of the guide wire despite the
constraints provided by the posteriorly retracted deltoid. It
is important to note that this step was facilitated by pre-
operatively obtained knowledge of the shape of the glenoid
and the optimal size and radius of curvature of the glenoid
component which is to be used.?!

This study has limitations. Post-operative measurements
were based on CT scans after manual segmentation of the
scapula. Artifacts, even with the specific protocols, interfered
with the tedious manual segmentation of these images. The
matching procedure?’ could also generate errors, but we
have previous unpublished data relating to > 44 scapulae
using three observers that provided perfect agreement
between the observers (interclass correlation coefficient =
0.9750). However, in this study, the repeated process gave a
very small mean error and standard deviation.

Hendel et al?® achieved the registration and repeated
measurements in 3D with accuracy and reproducibility of
<3°and < 1 mm.

It is difficult to evaluate the accuracy of individual com-
ponents of the process. That is whether it is the planning
and the use of a PSG or whether it is the planning itself
which determines the accuracy. The accuracy for the whole
procedure was much better than surgeons can achieve by
‘eye-balling’, for which Nguyen et al?> reported errors as
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high as 7.5°. Further studies are needed which look
specifically at implantation of the glenoid component with
an isolated pre-operative plan.

Another limitation is that we did not control for rotation
of the glenoid component or the depth of the component.
An improved PSG should also allow us to control these
parameters.

Despite these limitations, it is evident that the fully auto-
matic segmentation achieved by Glenosys and the associ-
ated process of pre-operative planning leads to a better
understanding of intra-operative difficulties when intro-
ducing the glenoid component at TSA.

Take home message:
Patient specific glenoid guides can be used in a daily total

P

glenoid pre-operative planning.

shoulder arthroplasty activity with faithful reproduction of the
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Abstract

Purpose Glenoid loosening after total shoulder arthroplasty (TSA) is influenced by the position of the glenoid component. 3D
planning software and patient-specific guides seem to improve positioning accuracy, but their respective individual application
and role are yet to be defined. The aim of this study was to evaluate the accuracy of freehand implantation after 3D pre-operative
planning and to compare its accuracy to that of a targeting guide.

Method Seventeen patients scheduled for TSA for primary glenohumeral arthritis were enrolled in this prospective study. Every
patient had pre-operative planning, based on a CT scan. Glenoid component implantation was performed freehand, guided by 3D
views displayed in the operating room. The position of the glenoid component was determined by manual segmentation of post-
operative CT scans and compared to the planned position. The results were compared to those obtained in a previous work with
the use of a patient-specific guide.

Results The mean error for the central point was 2.89 mm (SD + 1.36) with the freehand method versus 2.1 mm (SD =+ 0.86) with
use of a targeting guide (p = 0.05). The observed difference was more significant (»p = 0.03) for more severely retroverted glenoids
(>10°). The mean errors for version and inclination were respectively 4.82° (SD+3.12) and 4.2° (SD +2.14) with freehand
method, compared to 4.87° (SD+3.61) and 4.39° (SD +3.36) with a targeting guide (» =0.97 and 0.85, respectively).
Conclusion 3D pre-operative planning allowed accurate glenoid component positioning with a freehand method. Compared to
the freehand method, patient-specific guides slightly improved the position of the central point, especially for severely retroverted
glenoids, but not the orientation of the component.
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Introduction long-term functional results [1, 2]. Despite these reliable out-

comes, glenoid loosening has been reported to be a serious
Total shoulder arthroplasty is the preferred treatment for  concern. Though exceptional prior five years post-operative,
glenohumeral primary osteoarthritis, with good short- and  radiographic loosening approximates 50% at ten years follow-
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up [2, 3]. Improving glenoid implant survivorship over time is
one of the more crucial elements of research relating to shoul-
der arthroplasty [4]. Over the past ten years, much attention
has been paid to improve the accuracy of glenoid implant
positioning. The shoulder is a highly mobile joint, and stabil-
ity of this joint is a delicate combination of multiple factors,
including bone orientation, ligamentous restrains, and peri-
articular muscle balance. With respect to shoulder
arthroplasty, malpositioning of the implant, defined by exces-
sive retroversion or inclination (over 10°), may be responsible
for increased shear forces and higher loosening rate after years
[4-9]. Moreover, reported surgeon’s accuracy for glenoid im-
plant positioning is relatively poor, mostly because of lack of
pre-operative planning and difficulty with intra-operative
landmarks [10-15].

Ideal component positioning requires determining precise-
ly the optimal position of the implant for each patient. This
equates to minimal retroversion and inclination, as well as
minimal bone reaming in order to preserve subchondral bone
and provide sufficient implant-on-bone seating [4-9].
Glenosys planning software (Imascap, Plouzané, France) al-
lows fast automatic 3D modeling of the scapula, reliable 3D
measurements of scapular parameters, and virtual implanta-
tion of the glenoid component prior to surgery, compatible
with the surgeon’s routine practice [16, 17]. Recently,
patient-specific guides (PSG) have been proposed to aim
and recreate the planned position intra-operatively. Several
of these systems, based on 3D imaging and 3D printing, are
currently utilized with promising results, but what is not clear
are the respective benefits of each component of this process,
that is, the pre-operative planning and then the utility of the
specific targeting guides [10, 11, 13, 15-19].

Our hypothesis was that pre-operative planning, even with-
out PSG, could optimize glenoid component positioning. The
aim of this study was to evaluate the accuracy of glenoid
implant position after isolated 3D pre-operative planning with
Glenosys Software (Imascap, Plouzané, France) using a free-
hand implantation method. Secondarily, we compared our re-
sults to those obtained in another published series, using the
same software, but with the use of a PSG for glenoid implan-
tation and thus evaluated the proper role of this device in
improving the surgeon’s accuracy.

Patient and method

Population

Seventeen patients, scheduled for a total shoulder arthroplasty
(TSA) for primary glenohumeral osteoarthritis, were enrolled
in this prospective, single centre study between April 2014

and October 2015. All the patients had a pre-operative CT
scan of the entire shoulder (including medial border and
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inferior angle of the scapula), performed in the supine posi-
tion, with the arm at side and with the shoulder in neutral
rotation, with specific acquisition parameters (Fig. 1). The
native DICOM axial views were used for pre-operative plan-
ning with Glenosys Software (Imascap, Plouzané, France).
There were 14 women and three men, with mean age of 68
+ 12 years (range 48—87). All the subjects were provided clear
information and gave written consent for a post-operative CT
scan, before inclusion. This study received an Institutional
Review Board agreement (Centre Orthopédique Santy, IRB
20.1611).

Pre-operative planning

Using specific validated algorithms, Glenosys Software per-
forms automatic 3D reconstruction of the scapula and precise-
ly determines glenoid version, inclination, and humeral head
subluxation, with respect to the scapular plane [20, 21]. This
software was used by the surgeons to analyze glenoid defor-
mity and to virtually implant the glenoid component for each
patient before surgery. All the pre-operative shoulder param-
eters (version, inclination, humeral head subluxation, and
glenoid type according to Walch classification [22]) were re-
corded for analysis (Table 1). The surgeon had to choose com-
ponent size and radius of curvature, as well as the optimal
position with respect to orientation (< 10° superior inclination,
< 15° retroversion), implant-on-bone seating (min. 80%),
subchondral bone preservation, and avoiding glenoid vault
perforation, based on previously published data [4-9]. The
virtual component parameters (type, position, orientation)
were created by 3D models saved in a Standard Tessellation
Language (.STL) file format, as well as the 3D pre-operative
scapula. These two .STL files (“pre-op scapula” and “pre-op
implant”) were subsequently used for comparison with post-
operative real position of the implant.

Surgical technique

All the procedures were performed in one centre, by two sur-
geons with significant experience level in shoulder
arthroplasty (AJ, DM). Planning parameters and 3D views
of the scapula, the implant, and the virtual guidewire were
printed and displayed in the operating room (Fig. 2). For all
the patients, the humeral implant was an ASCEND FLEX
short uncemented stem (Tornier SAS, Montbonnot Saint
Martin, France) and glenoid component was a PerFORM
polyethylene keeled cemented component (Tornier SAS,
Montbonnot Saint Martin, France). After residual cartilage
removal, guidewire positioning and reaming were performed
freehand, based on planning parameters and displayed 3D
views, without any specific guide. Then, glenoid preparation
was performed using a standard compacted autograft tech-
nique [23] and low viscosity cement.
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Recommended parameters

Parameter Recommended Min Max
Modality CT
Kernel / Algorithm Bone or Bone+
kVp 120 Kvp 120 Kvp 140 Kvp
Manual 240 mA Manual 200 mA Manual 300 mA
mA Do NOT use auto-mA setting
Not doing so will produce images that are incompatible with Glenosys
Slice Increment 1.2mm 0.312 mm 1.2mm

- Detector Coverage should be maximum
- Helical Thickness 0.625 mm or 1.25 mm

Image Thickness - Pitch 0.9 or less
- Rotation time 1 sec or less
Exposure time 1000 ms 1000 ms 1500 ms

Display Field of View (DFOV)

Parameter Recommended Min Max
20 to 30 cm to cover
DFOV (Axial plane) full scapula and the 15cm No more than 32 cm
elbow level
DFOV (Frontal plane) >10cm 8cm 45cm
Matrix size 512x 512 512 x 512 1024 x 1024
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FOV along Scapula 200-300mm

Fig. 1 CT scan parameters for Glenosys Software

Table 1 Native glenoid

characteristics in the two Freehand series PSG series (Gauci et al. [17]) P
compared series
Version —14.5°£7.8 (-2;—32) —11.4+5.7° (0; —25) 0.21
Inclination 5.6+£5.4°(—4;15) 24+6.1° (—4;20) 0.13
Glenoid type (Walch classification)
Type A 7(4xAl,3xA2) 6 (5xAl, 1xA2) 0.72
Type B 10 (3 xB1, 7xB2) 11 (only B2)
Type C 0 0
Version: negative values are for retroversion. Inclination: negative values are for inferior inclination
@ Springer
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Fig. 2 Planning data and 3D views displayed in the operating room (OR). a Overview of the OR before surgery. b 3D views showing the planned
position of the entry point, the inclination, and the version of the guidewire. ¢ Pre-operative planning data (software view)

3D segmentation

A CT scan was performed within two months after surgery,
with a specific metallic artifact reduction protocol (Fig. 3).
Because of metallic components, automatic segmentation
was not possible at this step. Axial views were used for man-
ual 3D segmentation of the scapula (Fig. 3) using Amira
Software (Visage Imaging, Inc), according to a previously
validated technique (Thesis, Jean Chaoui PhD, unpublished
work). The two metallic markers inside the glenoid compo-
nent were also segmented in a different file (Fig. 3). Thus, 2
.STL files (“post-op scapula” and “metallic markers”) were
obtained for each patient, recreating the post-operative scapula
and the position of the implanted glenoid component.

Matching and comparison

As the “pre-op scapula” and the “post-op scapula” were not in
the same position within the 3D space, manual 3D matching
between them had to be performed (Fig. 4). The matching
procedure was done with Amira software, by moving “post-
op scapula” 3D model onto the “pre-op scapula.” The preci-
sion of this overlapping was evaluated by the mean distance
between each corresponding points of the two scapulae, which
was on average 0.4+0.1 mm (range 0.3-0.6) for the entire
series. The same translation matrix was then applied to the
“metallic markers” 3D model. Then, a standard 3D model of
Perform glenoid component (“post-op implant”) was matched
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on these metallic markers. The two 3D components (“pre-op
implant” and “post-op implant”) were then in the same 3D
referential and could be compared, regarding position and
orientation.

For each patient, implanted component (“post-op
implant”) was compared to planned component (“pre-op
implant”) using specific software (Imascap, Plouzané,
France), delivering absolute errors for 3D position of the cen-
tral point of the implant (“3D offset”, expressed in millime-
ters), version (degrees), inclination (degrees), and rotation/
rolling (degrees). Offsets represented the distance
(millimeters) between the theoretical planned position and
the real position of the implanted component. The “3D offset”
was derived from anteroposterior offset and superoinferior
offset in the sagittal plane, and mediolateral offset in the axial
plane, which were analyzed separately. Malposition criteria,
according to Throckmorton et al. [15], corresponded to a 3D
offset >4 mm or a > 10° error for version or inclination.

Comparison with a published series using PSG

Finally, all the values of the freehand study were compared to
those obtained in a previous published series of 17 patients,
using the same protocol but with the use of a polyamide 3D-
printed patient-specific guide, for glenoid component implan-
tation [17]. The two series were comparable for the demo-
graphic data (age and sex) and for the characteristics of the
pre-operative glenoids (Table 1).
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Fig. 3 Manual 3D segmentation steps. a Standard post-operative CT scan
with metallic artifact reduction protocol. b Manual contouring of the
scapular body on every slice. ¢ 3D segmentation. d Segmentation of the

Statistical analysis

Statistical analysis was performed with MedCalc
Statistical Software (MedCalc Software bvba, Ostend,
Belgium). A Student’s ¢ test was used to compare the
quantitative data (3D offset, version, inclination) between
our “frechand” series and the series of Gauci et al. with
PSG [17]. A chi-square test was used for qualitative
values or a Fisher exact test utilized when the population
of the subgroups was <5. A p value <0.05 was consid-
ered significant.

metallic markers/superposition of a 3D implant model/control of the po-
sition of the markers on 2D CT scan slices

Results

All the pre-operative measurements are shown in Table 1. In
our series, there were seven type A and ten type B glenoids
(Walch classification).

In our series (Table 2), the mean error for 3D position of the
central point of the glenoid component was 2.9+ 1.4 mm
(1.2-4.8). The mean errors for version and inclination were
respectively 4.8°+3.1° (0.4-13.3) and 4.2°£2.1° (0.7-7.8).
Rolling mean error was 8.8°+5.8 (1.7-20.1). Seven cases
(41%) in our series met the criteria for malposition, according

@ Springer
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Fig. 4 Matching protocol. a
“Pre-op scapula” (blue) and
“post-op scapula”/“markers” (red
and yellow) were not natively in
the same 3D referential. b
Superimposition of “post-op
scapula” (red) onto “pre-op
scapula” (blue). ¢ The same
translation matrix was applied to
the metallic markers (yellow). d
Superimposition of the 3D
implant model onto the metallic
markers in the new referential. e
Final view of “post-op implant™
(green) in the new referential,
which can be compared to the
planned “pre-op implant”

to Throckmorton et al. [15] (>4 mm or > 10° error), largely
because of a 3D offset >4 mm (six cases).

In the PSG series [17] (Table 2), the accuracy was signifi-
cantly higher for the 3D position of the central point (2.1 +
0.9 mm, p =0.05) but not for version or inclination. Rolling
was not reported. Only two cases (12%) were malpositioned
(p=0.11), but no case had a 3D offset greater than 4 mm (p <
0.01). Sagittal and frontal 2D offset for the two series are
represented in Fig. 5.

We focused on the influence of pre-operative glenoid de-
formity on the final position of the glenoid component.

Results of this comparative analysis are shown in Table 3. In
our series with the freehand technique, the position of the
central point was significantly less accurate when pre-
operative glenoid version was > 10° (p = 0.04), whereas there
was no influence of glenoid deformity in the PSG series. Thus,
3D offset was significantly higher for high deformities (> 10°)
with freehand technique than with PSG (p =0.02), whereas
there were no differences between the two techniques when
pre-operative version was < 10°. Pre-operative glenoid defor-
mity did not influence the mean error of version or inclination
in the two series.

Table 2 Glenoid component positioning errors with freehand method and PSG method (Gauci et al. [17])

3D offset Anteroposterior offset Superoinferior offset Mediolateral offset Version Inclination Rolling

FH PSG FH PSG FH PSG FH PSG FH PSG FH PSG FH PSG
Mean 29 2.1 1.3 1.2 1.7 1.21 1.2 0.8 4.8 49 42 44 8.8 -
SD 14 09 1 0.8 14 0.88 1.2 0.6 3.1 3.6 2.1 34 5.8 -
Minimum 12 0.5 0 0.2 0.1 0.1 0 0 0.4 0.5 07 02 1.7 -
Maximum 4.8 4 3.8 32 4.1 3.6 42 1.7 133 141 7.8 11.8 201 -
p 0.05 0.73 0.27 023 0.97 0.85 -

Offsets are expressed in millimeters (mm). Version, inclination, and rolling are expressed in degrees (°)

FH freehand series (current paper), PSG patient-specific guide series (Gauci et al. [17])

@ Springer
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Fig. 5 2D offsets (position of the é
central point) with the two
compared methods. a 2D offsets
with the freechand method (our
series) in the sagittal plane and in
the frontal plane. b 2D offsets
with the PSG method (Gauci et al.
[17]) in the sagittal plane and in
the frontal plane

Discussion

Pre-operative 3D planning allowed determination of the ideal
glenoid component position for each patient and provided 3D
landmarks to the surgeon for accurate freehand implant posi-
tioning, close to that obtained with patient-specific guides,
underlining the importance of 3D planning before any shoul-
der replacement. The benefit of PSG was clear for complex
and severely retroverted glenoids but not for simpler cases
(type A, < 10° retroversion).

In our series, the freehand accuracy of the surgeon was +
2.9 mm for the position of the central point of the implant and
between 4° and 5° for version and inclination. Previous pub-
lished in vitro and in vivo series reported similar results after

3D planning and freehand technique [11, 13, 18]. Similarly to
us, in an in vivo study, lannotti et al. reported a mean deviation
of 1.5 to 1.7 mm for 2D offsets (3D offset not reported), 4.1°
for inclination, and 4.3° for version [18], using 3D planning
and freehand implantation. Some authors evaluated the mean
errors committed by surgeons with a standard technique with-
out planning [10, 11, 13—15, 18] and reported mean deviations
were 3 mm for the central point and 7-11° for version and
inclination. But in these studies, the mean errors have been
calculated by reference to a constant and theoretical objective
of 0° version and 0° inclination, which is not necessarily the
ideal position for each patient. To correctly assess the ability of
a surgeon to precisely reach freehand the ideal position without
3D planning, a study should include shoulders with TSA

Table 3 Accuracy of glenoid
component positioning according
to glenoid pre-operative
deformity

3D offset (mm) Version (°) Inclination (°)
FH PSG p FH PSG p FH PSG p
Pre-operative glenoid version < 10° 1.9 2.1 074 3.7 3.6 095 56 55 0.94
Pre-operative glenoid version > 10° 3.3 2.1 002 53 5.6 086 3.6 38 0.86
)4 0.04 0.94 033 025 01 04
FH freehand series (current paper), PSG patient-specific guide series (Gauci et al. [17])
@ Springer

89



International Orthopaedics (SICOT)

implanted freehand without any planning and compare the
position of the implanted component to the virtual position
obtained in a 3D planning performed after the surgery. But
there is no such study published in the literature, and benefit
of 3D planning cannot be proven. Our results being close to
those obtained with a PSG and visually better than those pub-
lished without 3D planning (at least for orientation), we may
hypothesize that 3D planning is useful for glenoid implanta-
tion, especially since the software could be used by the sur-
geon himself in routine practice, thanks to a validated automat-
ic algorithm for 3D segmentation and measurements [20, 21].

With a mean error of 2.1 mm for the central point, 4.9° for
version, and 4.4° for inclination, the use of a PSG showed a
significant (but slight) improvement only for the position of
the central point, compared to our freechand method.
Moreover, this difference was only significant for severely
retroverted glenoids (> 10°) but not for simpler cases (<
10°). To our knowledge, only three studies [11, 13, 18] report-
ed comparative accuracy between PSG method and planning/
freehand method. Lewis et al. [13], in a study based on poly-
mer models, found a significant improvement with a PSG,
with a mean error of 3° for version and 3° for inclination
(compared to 8° and 9°, respectively, with a planning/
freechand method). lannotti et al. [11], in a sawbone study,
reported similar results with 3.1° mean error for version,
2.8° for inclination, and 1.2 mm for central point (compared
to 6.7°, 9.3°, and 2.4 mm, respectively, with a planning/
freehand method) and a strongly minimized risk of having a
> 5° or >3 mm error. These studies were not in vivo studies.
Tannotti et al. [18] published recently a similar study, involv-
ing patients, and their conclusions were different. In their
study, PSG did not significantly improve accuracy for version,
inclination, or central point, compared to a planning/freehand
method (3.1° vs 4.1° mean error for inclination, 4° vs 4.3° for
version, 0.9 to 1.1 vs 1.5 to 1.7 mm for 2D offsets). In fact, in
vivo conditions imply soft tissue contractures and difficulty of
exposure and guide positioning, secondary to humeral head
obstruction and glenoid retroversion, that do not exist in saw-
bone studies and that probably explain the observed differ-
ences between these studies.

One possible explanation for the errors could be related to
imprecise and/or unstable positioning of the guide on the
glenoid. One hypothesis could be that polyamide guides are
too smooth and not stable enough on the glenoid rim. A deci-
sion has been already undertaken to move towards use of
metallic guides, with the expectation of being more stable.
Another possible explanation is that PSG only control the
position of the guidewire, and slight errors could also be re-
lated to the next steps, such as reaming, determining rotation,
or cementing the implant, as reported by Nguyen et al. [14].
Walch et al. reported much better accuracy with the same
planning software and a PSG, in a sawbone study considering
only the position of the guidewire, not the implant, and thus
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negating all the subsequent steps of implantation and the po-
tential related errors [16]. In order to demonstrate a real supe-
riority of the PSG method over planning/freechand method,
optimization of these PSG should be made to improve stabil-
ity on the glenoid and include control of reaming (orientation
and depth) and rotation.

Nevertheless, PSG method was much more reliable than
the freehand method, with only 12% glenoid component con-
sidered malpositioned (compared to 44% with freehand meth-
od). This point is important and can be considered a real po-
tential benefit of the PSG in routine daily practice, as surgeons
may not always be as focused on positioning accuracy as we
were in the context of a scientific study. Moreover, it has been
reported that more than 70% of shoulder prostheses in the
USA are performed by low-volume surgeons (<10
arthroplasty per year) [24], and it is known that the lack of
experience strongly influences the quality of implantation and
the outcomes of shoulder arthroplasty [11, 24, 25]. In our
series, prostheses were only implanted by high-volume sur-
geons (> 50 arthroplasties per year). This could explain the
lack of strong differences between our series and the PSG
series. Patient-specific guides may be of real interest for
low-volume surgeons, who are not familiar with glenoid im-
plant positioning, but this would also imply a learning curve
for 3D pre-operative planning, as well as for the use of the
PSG intra-operatively. Finally, the benefit of using a PSG may
be clearer for complex and severely retroverted glenoids, re-
gardless of the surgeon’s experience.

Our work has some limitations. The first is the small num-
ber of patients that could affect the statistical comparison.
Moreover, our series involved consecutive cases of shoulder
arthroplasty, and there were 41% of type A non-retroverted
glenoids, for which the use of a PSG was not clearly benefi-
cial. Accuracy of our freehand method could have been lower
in a series with a higher number of retroverted glenoids.

Determination of the mean errors of positioning was based
on a manual process, with successive steps such as scapula
segmentation, metallic markers segmentation, and scapula
matching, as previously described. Although all these steps
have been previously validated, and the precision controlled
at each step of the process, slight errors could have affected the
final measurements.

Finally, we had no control group with a standard method
without pre-operative planning, to prove the superiority of 3D
pre-operative planning over a standard method. Another study
with standard implantation without 3D planning, followed by a
“post-operative” planning as a reference, could be of interest.

Conclusion

3D pre-operative planning seemed to be useful before total
shoulder replacement, to determine the optimal position of
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glenoid component and give 3D views and landmarks to the
surgeon to correctly perform the surgery, with a good expected
accuracy. The use of a PSG made the positioning a little more
precise, and more reliable, especially for complex and severe-
ly retroverted glenoids. Our results could limit the actual en-
thusiasm towards PSG under this current preliminary form,
and should lead to optimizations, so that their benefits become
clearer. Additionally, long-term studies would be needed to
show if a gain of a very few millimeters or degrees is relevant
and could seriously affect long-term outcomes of total shoul-
der arthroplasty.
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Conclusion et Prospectives pour les recherches a venir

Ce travail de These a permis de valider les performances et I'utilisation d’un logiciel de
segmentation tridimensionnel et de planification préopératoire. Nous avons démontré que
I'utilisation d’un tel logiciel trouve son application dans plusieurs étapes de la prise en

charge d’un patient atteint d’arthrose de I'épaule.

CONCLUSION

1/ Diagnostic : la segmentation effectuée par le logiciel est fiable, s’affranchit des
problématiques de reproductibilité inter- et intra-observateur et permet d’obtenir des

mesures (version, inclinaison) valides et indispensables a la démarche diagnostique.

2/ Classification: la décision thérapeutique dans I'omarthrose primaire repose sur les
classifications chirurgicales. L'utilisation du logiciel et le reformatage systématique des
coupes dans le plan du corps de la scapula a permis d’identifier et de décrire de nouveaux

types de glénes (B3, D) qui oriente vers une prise en charge chirurgicale spécifique.

3/ Connaissances de ’anatomie normale et pathologique : I'uniformisation et la
reproductibilité des plans de références, I'automatisation du processus de segmentation et
de mesure ainsi que I'analyse tridimensionnelle (orientation, direction glénohumérales) ont
permis de décrire pour la premiére fois I'anatomie tridimensionnelle de I’épaule normale et
pathologique a partir de larges séries de scanners d’épaule (big data). Ces données issues de
la base de données serviront de base a I’élaboration de nouveaux modeles statistiques de

forme.

4/ Décision thérapeutique : la décision thérapeutique reposait jusqu’a présent sur I'analyse
subjective d’'images statiques. Nous avons démontré qu’il est possible de développer a I'aide
de I'imagerie tridimensionnelle de nouveaux outils comme le RSA-angle dont la mesure

générée automatiquement est désormais validée. D’autres outils de mesures objectifs
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pourront permettre d’affiner le diagnostic et entreront dans le panel d’instruments de la

décision thérapeutique du chirurgien.

5/ Optimisation de la pose des implants : la possibilité de simuler la mobilité géométrique
des implants posés (PTEI) a permis de visualiser directement et de quantifier les conflits
glénohuméraux dont nous suspections I’existence. Cette analyse a aussi permis de remettre
en question le design de certains implants et d’affiner et valider leurs paramétres de pose

(inclinaison humérale, latéralisation et inclinaison glénoidienne, ...).

6/ Geste technique : planification et guides patients spécifiques : le résultat de ce
cheminement diagnostic-décision thérapeutique est I'exécution du geste chirurgical. La
technologie d’'impression 3D permet d’obtenir dans des délais raisonnables un guide patient-
spécifique généré uniquement par la planification du chirurgien de facon indépendante. Le
process planification + guide fait passer la précision du chirurgien de 15° (« coup d’ceil
chirurgical ») a moins de 3° pour l'orientation et de 8mm a moins de 1Imm pour le point
d’entrée. Cette optimisation du geste chirurgical devrait avoir une incidence sur la survie des
implants et le résultat fonctionnelle. La planification seule améliore déja fortement
I'orientation des implants quand le guide permet d’ajuster le point d’entrée. Les glénes tres

déformées sont celles qui bénéficient le plus de I'usage d’un guide.

PROSPECTIVES

Ce travail de Thése ouvre la voie a d’autres axes de recherche en particulier a partir de
I'analyse de I'importante base de données que nous avons rassemblée (cf articles connexes).
Parmi ceci, nous pouvons évoquer :

- L’amélioration des modéles statistiques de formes (SSM) pour la gléne, 'lhumérus
mais aussi pour I'articulation glénohumérale qui mériterait aussi d’étre affinée par
des analyses en éléments finis.

- Lextension de la description et de I'analyse tridimensionnelle aux autres pathologies
arthrosiques (ruptures massives de coiffe, arthropathies post-rupture de coiffe,

arthrose post-instabilité, arthrites rhumatoides, ...) permettrait d’identifier
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d’éventuelles prédispositions au développement de la pathologie arthrosique et de
son type.

Le développement d’outils de mesures pour évaluer et prévenir les conflits
glénohumeéraux devrait permettre au chirurgien de disposer d’un arsenal
d’instruments a usage diagnostique et d’obtenir une évaluation exhaustive et
objective pour chaque cas a traiter.

L'utilisation de technologies issues de l'intelligence artificielle pour constituer un
véritable « ancillaire diagnostique » au service des chirurgiens afin de préciser les
diagnostics et d’orienter les choix thérapeutiques.

L'utilisation de la réalité augmentée qui permettrait de s’affranchir du délai
d’impression des guides. Cela nécessite de résoudre les problématiques de recalage.
La validation clinique de la simulation des mobilités et I’étude de |a survie des
implants a moyen et long terme : elles permettrait de connaitre la valeur ajoutée
réelle de la planification et de I'utilisation des guides patient-spécifiques dans les
résultats fonctionnels post-opératoires.

Des développements qui devraient permettre de planification des révisions de
protheéses d’épaule.

Ce type de logiciel constitue un véritable outil pédagogique pour les chirurgiens en
formation avancée a I’"heure ou la simulation connait un véritable essor, son apport
dans la courbe d’apprentissage mérite d’étre évalué.

Enfin, il est possible et nécessaire de reproduire le modéle de développement utilisé
pour I'arthrose a d’autres pathologies propres a I’épaule voire aux autres

articulations.
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Description et Classification 3D des glénes arthrosiques pour une planification
préopératoire 3D assistée par ordinateur

Mots clés : omarthrose, modélisation 3D, segmentation, simulation, morphométrie, planification,
arthroplastie d’épaule.

Résumé : La modélisation tridimensionnelle est devenue plus accessible et plus rapide en
orthopédie et en particulier en chirurgie de I’épaule. L’analyse morphométrique qui en est issue
est utilisée pour permettre une meilleure compréhension de I'omarthrose.

L’objectif global de cette Thése était de valider I'application d’un logiciel de segmentation
automatisée tridimensionnelle dans les étapes de prise en charge du patient.

Huit études ont permis de valider les mesures automatiques calculées par le logiciel, d’améliorer la
classification des omarthroses primaires puis de décrire la géométrie 3D normale et pathologique
de I’épaule. Des seuils numériques précis ont pu étre établis entre les différents types. Le logiciel a
permis de développer et valider I'utilisation d’un angle (RSA-angle) permettant de mieux
positionner I'implant glénoidien dans les prothéses inversées d’épaule. L'utilisation des mobilités
simulées en 3D démontrait I'intérét du logiciel dans la compréhension des conflits osseux apres
protheése et des faiblesses de design d’implant. Enfin, le positionnement de I'implant glénoidien en
peropératoire avec un guide patient-spécifique imprimé en 3D correspondait fidelement a sa
planification préopératoire, cependant, la planification a elle seule améliorait déja
considérablement ce positionnement.

Ce travail de These a permis de valider les performances et |'utilisation d’un logiciel de
segmentation tridimensionnel et de planification préopératoire. Son application se retrouve dans
plusieurs étapes de la prise en charge d’un patient atteint d’omarthrose et devrait

Description and 3D classification of glenoid arthritis for a preoperative computer
assisted 3D planning

Keywords: shoulder arthritis, 3D modeling, segmentation, simulation, morphometry, planning,
shoulder arthroplasty.

Abstract: Three-dimensional modelling has become more accessible and faster in orthopedics
and especially in shoulder surgery. The subsequent morphometric analysis is used to provide a
better understanding of shoulder arthritis.

The overall objective of this Thesis was to validate the use of a 3D-automated segmentation
software in the various steps of patients management.

Eight studies allowed validating the automatic measurements calculated by the software,
improving the classification of primary shoulder arthritis and then describing the normal and
pathological 3D geometry of the shoulder. Accurate numerical thresholds could be established
between the different types. The software developed and validated the use of an angle (RSA-
angle) to better position the glenoid implant in reverse shoulder arthroplasty. The use of
simulated range of motion in 3D demonstrated the software’s interest in understanding bone
impingements after prosthesis and implant design weaknesses.

Finally, the positioning of the glenoid implant intraoperatively with a patient specific guide printed
in 3D corresponded faithfully to its preoperative planning. However, planning alone already
greatly improved this positioning. This Thesis made it possible to validate the performance and use
of a software of three-dimensional segmentation and pre-operative planning. Its application is
found in several steps of the management of a patient with shoulder arthritis and should gradually
be integrated into the daily practice of surgeons.



